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Abstract
Synthesizing polymer matrix nanocomposites (PMNCs) in a scalable way can be
challenging since scaling-up the production requires stable and homogeneous reaction
environments to ensure uniform quality of the nanomaterials. As a result, production
of PMNCs from laboratory scale to industrial scale usually involves additional pro-
cessing steps, leading to high cost of manufacturing. In this study, we focus on unique
processing methodologies that have the potential for scalable processing of functional
PMNCs and seek to understand the physical and chemical processes underlying the
synthesis of the PMNC systems. A thermal processing technique termed chemical
infusion was used to produce various metal and metal oxide nanoparticles inside the
polymer matrices. The essential processing steps begin by vaporizing a chemical pre-
cursor so that the precursor can molecularly diffuse into a solid polymer matrix. Once
in the matrix, the precursor is made to decompose thermally resulting in formation
of nanoparticles. This chemical infusion synthesis method was studied using various
characterization techniques to gain insight into the diffusion process as well as the
particle nucleation and growth mechanisms. Optically-based methods were also in-
ii
ABSTRACT
corporated to actively control the location, size, number density, and composition of
the nanoparticles formed in the polymer matrix. Both linear and non-linear optical
processing methods are presented, and the related photo-induced mechanisms are
discussed. Having established the necessary knowledge base for both the thermal and
optical processing methods, chemochromic PMNCs were synthesized to demonstrate
the feasibility of applying these methods to create multifunctional nanocomposites.
Study results suggest that it is possible to create unique particle systems on a micro
scale as well as on a nano scale within a polymer composite, resulting in materials
with desired physical, chemical, and optical properties.
Primary Reader: Prof. James B. Spicer
Secondary Reader: Prof. Howard Katz
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1.1 Background and Motivation
Polymer matrix nanocomposites (PMNCs) are multiphase materials consisting of
a continuous phase made from a polymeric material and one or more nanoscale phases
dispersed in the polymer matrix. The properties of PMNCs depend on the properties
of the constituent phases, their relative amounts, and their distributions. In many
cases, the main purpose of the continuous phase is to protect the dispersed phases
from undesired environments and to provide underlying support for nanoparticles
or other nanoscale structures. The chemical and optical behaviors of the embedded
nanostructures determine the functionalities of PMNCs so long as the polymer ma-
trix allows proper access to the nanocomponents. For example, nanoparticles that
are designed to undergo certain photochemical reactions would be most appropriate
in an optically-transparent polymer matrix. The use of nanostructures in a polymer
can provide high performance materials that find applications in diverse fields, such
1
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as automobiles, aerospace components, sporting goods, and packaging [8–12]. For
each application, nanomaterials with specific properties require a thorough design
and a way to incorporate them into the polymer matrix. There are two preparation
methods that have been used generally for synthesis of PMNCs [13–15]: (1) physical
methods that involve direct melt and mixing processing of a filler with a polymer
(melt compounding and film casting), (2) chemical methods that incorporate a filler
or a filler precursor into monomers of a polymer matrix followed by polymerization
(in-situ polymerization and in-situ sol-gel polymerization). These processes can be
complicated by nanoparticle aggregation which could cause a change in the intended
functionality of the nanoparticles. To reduce the force of attraction among nanopar-
ticles, coating the nanoparticles with a chemical surfactant is usually included among
the processing steps [16]. Although these synthesis methods have proven successful in
a range of nanocomposite systems, the processing requirements do not scale easily or
could result in undesirable performance. For example, the presence of the surfactant
at the particle-matrix interface could alter the electromagnetic/optical behavior of
the material [17]. Vapor phase co-deposition processes [18–20] can also be used to
produce PMNCs, but they are relatively expensive and again only a small amount of
material can be produced.
The essential process used in this study is a thermal synthesis method termed
chemical infusion that forms nanoparticles inside a polymer matrix and can be scaled
to produce large quantities of materials with uniform quality [21]. This process differs
2
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Figure 1.1: (a) A sschematic of the chemical infusion thermal processing and (b) a
thermal processing heating program.
from the traditional approaches since nanoparticles are grown in a fully-formed solid
polymer matrix such that net-shape materials can be processed into nanocomposites
with desirable physiochemical properties. The main processing steps include placing
the polymer matrix along with a particle-precursor chemical in a vacuum reaction
vessel, heating up the vessel to a desired temperature so that the precursor vaporizes
and diffuses into the solid polymer matrix, and increasing the temperature so that the
precursor molecules decompose and produce species that form nanoparticles. Figure
1.1 (a) shows a schematic of the experiment, and Fig. 1.1 (b) displays a typical
heating schedule. The actual experimental setup is shown in Fig. 1.2. A cold trap
is submerged in a 4 liter Dewar filled with liquid nitrogen. The cold trap is attached
to a rotary vane vacuum pump at one end, and it is connected to a Schlenk line at
the other. The reaction vessel is attached to the Schlenk line with a reducing adapter
3
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Figure 1.2: Experimental setup for the chemical infusion process.
that also has a valve to seal the reaction vessel. The reaction vessel consists of a
reducing adapter and a glass vessel sealed together with Krytox high temperature
vacuum grease. Once the reaction vessel is evacuated, it is sealed and removed from
the Schlenk line and subsequently placed in a convection oven.
This processing technique has been demonstrated in a variety of simple systems.
Figure 1.3 (a), (b), and (c) show transmission electron microscopy images of sil-
ver [1, 22], tungsten oxide [2], and palladium nanoparticles embedding in fluoropoly-
mer matrices, respectively. Their corresponding optical images are also shown. The
resulting PMNCs generally contain non-aggregated nanoparticles dispersed through-
out the bulk of the polymer matrix and this is achieved without the use of any
surfactants. In the case of tungsten oxide-polymer matrix nanocomposites (Fig. 1.2
(b)), the resulting materials are photochromic which automatically darken when ex-
4
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Figure 1.3: Optical images as well as transmission electron micrographs of (a)
silver nanoparticles in hexaflouropropylene-co-tetraflouroethylene (FEP) [1], (b)
tungsten oxide nanoparticle in FEP [2], and (c) palladium nanoparticles in poly-
tetrafluoroethylene-co-(perfluoropropyl vinyl ether) (PFA).
posed to ultraviolet light. While the chemical infusion technique has the potential
to produce multi-functional PMNCs in a commercially-viable and scalable way, the
underlying physics and the limitations of this synthesis process are poorly under-
stood. This type of understanding is a critical prerequisite for designing and pro-
ducing PMNC materials with desired properties. In addition to the chemical infusion
method, alternative processing techniques are required to actively control the particle
chemistry and spatial variations inside the polymer matrix so that multifunctional
materials containing hierarchical particle structures over various length scales can be
created. These advanced particle control techniques could potentially be achieved
by combining the chemical infusion technique with optical methods, but again, the




The first half of the thesis focuses on characterization and interpretation of the
physical and chemical processes involved in the chemical infusion method. In Chapter
2, the effect of polymer structure on precursor diffusion is investigated by comparing
the diffusion behavior of the precursor molecules in the as-received polymer as well
as in a heat-treated polymer matrix. Results from the diffusivity measurements are
described using a free volume diffusion model to gain a physical and conceptual
understanding of precursor diffusion in polymers. In Chapter 3, the formation of
nanoparticles is studied using transmission electron microscopy along with selective
area electron diffraction to gain insight into the nucleation and growth processes. The
nucleation of nanoparticles is correlated with defects in the polymer matrix, and the
nanoparticle growth is interpreted using a modified diffusion-limited growth model. In
addition, the effect of processing temperature on particle formation is also discussed.
The second half of the thesis focuses on using optical methods to actively control
the synthesis of particles permitting the formation of particles with varying chemical
composition and geometries. In Chapter 4, the modification of nanoparticle size and
number density in polymer matrix nanocomposites is demonstrated using continu-
ous wave (CW) laser irradiation. Optical excitation of nanocomposites containing
nanoparticles and precursor results in decomposition of the precursor and subsequent
particle modification as well as particle formation. The photo-induced chemical re-
6
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actions are investigated under different background temperatures and pressures, and
the results are used to identify the main mechanisms for CW laser-induced precursor
decomposition. In Chapter 5, femtosecond pulsed laser is used at room tempera-
ture to locally produce multi-component particles with specific properties. Spatial
variations in particle chemistries are achieved by decomposing the precursor in the
close vicinity of the particles. These particle modification processes are described
by considering the particle-mediated interactions between the nanoparticles and the
precursor.
Having established the necessary knowledge base for both the thermal processing
method and the optical processing methods, Chapter 6 briefly illustrates the synthesis
and performance of various functional polymer matrix nanocomposites. In particular,
chemochromic polymer matrix nanocomposites are synthesized. Optical gas sensors
are presented for the detection of alcohol vapors as well as hydrogen gas. In addition,
laser patterning of functional polymer matrix nanocomposites is demonstrated using a
feasible patterning setup, presenting the opportunity to produce patterned materials
with spatially varying properties.
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Chapter 2
Effect of Polymer Structure on
Precursor Diffusion and Particle Formation in
Polymer Matrix Nanocomposites
2.1 Introduction
Most polymers consist of both crystalline and amorphous phases, and gas diffusion
in semi-crystalline polymers has been studied extensively. In general, gas diffusion in
a semi-crystalline polymer has two parts—diffusion in the crystalline phase as well as
in the amorphous phase [23]. Gas diffusion in the crystalline phase is often neglected
owing to the high polymer chain density in crystallites which obstructs the diffusion
process. However, chain defect/disorder (such as row-vacancy defects) can occur
within the crystalline region, and small gas molecules can penetrate through these
regions if the defects are interconnected and are immobilized within the crystalline
phase [24, 25]. For large diffusants, such as organometallic precursor species, the
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diffusion pathway should reside in the low density amorphous region, where the free
volume is relatively high [26, 27]—free volume describes the difference between the
specific volume and the specific volume of the crystalline phase [28–30]. Generally,
gas molecules will avoid the relatively impenetrable crystallites and diffuse through
amorphous regions of relatively high free volume, and could, as a result, follow a
tortuous diffusion pathway through the polymer [31]. It has been shown that high
gas transport parameters relate to high free volume in polymers [32,33]. In theory, the
amorphous region can be further divided into two parts: a rigid amorphous fraction
(RAF) and a mobile amorphous fraction (MAF). While the MAF corresponds to the
classical representation of polymer chains randomly arranged in space, the RAF is
associated with the interface between the crystalline and the mobile amorphous phases
[34–38]. Gas molecules can diffuse in the RAF and MAF regions, but the preferential
diffusion pathway is unclear. By changing the crystallinity and morphology of a
semi-crystalline polymer, and thereby the free volume of the polymer, the transport
of precursor molecules in polymers of various structures can be compared and studied.
Furthermore, particle formation is closely related to the diffusion of precursor species
since the distribution of precursor determines where the particles can form in the
polymer matrix. If the precursor transport pathways are indeed related to the free
volume of the polymer, the resulting nanoparticle size distribution should be related
to the free volume distribution of the polymer.
For the work presented here, a semi-crystalline fluoropolymer and a palladium
9
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organometallic precursor were used to study the effect of polymer structure on pre-
cursor diffusion and nanoparticle formation. The polymer matrix was heat-treated
to change its degree of crystallinity, and the diffusion behaviors of the palladium
precursor molecules in the as-received and heat-treated polymers were analyzed and
compared using a free volume diffusion model. In addition, palladium nanoparticles
were grown in both the as-received and the annealed fluoropolymers, and the size




Palladium(II) acetylacetonate (Pd(acac)2; 99% Pd; Sigma-Aldrich) was used as
the precursor since it has a low decomposition temperature and it has been stud-
ied extensively for various deposition processes [39, 40]. Poly[tetrafluoroethylene-co-
(perfluoropropyl vinyl ether)] (PFA; CS Hyde) copolymer was chosen as the matrix
because this semi-crystalline polymer is chemically inert and has good thermal sta-
bility for temperatures up to 583 K. It is well known that annealing of a polymer can
alter polymer crystallinity and morphology without changing its composition [41–44].
At the annealing temperature, the polymer chains are flexible enough to interact,
re-align, and re-organize; crystallites can nucleate and grow and existing crystals can
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thicken [42]. Two PFA films were heat-treated at 413 and 553 K (PFA413K and
PFA553K) for 24 hours and cooled slowly. The optical transparency of the films did
not change as a result of the heat treatments.
Synthesis of palladium nanocomposites began by placing a 50 × 100 × 0.127 mm3
(measured using a micrometer caliper) as-received film (PFA) or a heat-treated film
(PFAHT ) in a glass reaction vessel (1 L) along with ∼30 mg of Pd(acac)2. The vessel
was evacuated to ∼160 mTorr to remove air from the vessel as well as any volatiles
present in the polymer matrix. The reaction vessel was transferred to an oven and
heated to 413 K for 2 hours to sublime/vaporize the precursor and allow the precursor
to diffuse into the polymer. The temperature of the vessel was then raised to 473
K and held for 2 hours to induce precursor decomposition followed by nanoparticle
formation. The resulting materials are designated as Pd-PFA and Pd-PFAHT . It




Dynamic mechanical thermal analysis (DMTA) was performed using a modular
compact rheometer (Anton Paar MCR 302) over the temperature range 298 – 473 K.
10 × 10 × 0.127 mm3 samples were cut from the PFA and PFAHT films. An amplitude
sweep was carried out to determine the limit of the linear viscoelastic region, which
11
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occurred at a strain of 0.1%. Parallel plates were used with a static force of 25 N at
a frequency of 1 Hz.
Differential scanning calorimetry (DSC) was performed using a DSC Q20 appa-
ratus (TA Instruments) in the temperature range from 315 to 673 K. All runs were
performed on 3 ± 0.2 mg PFA and PFAHT samples sealed in a nonhermetic alu-
minum holder under a nitrogen atmosphere. The mass of the samples were measured
before and after analysis. Negligible mass loss (< 1%) was found in all cases and was
disregarded for the calculation of the heat of fusion. The degree of crystallinity was





where ∆H0 is the reference value of heat of fusion for 100% crystalline polymer and
∆Hf is the heat of fusion determined from the area of the DSC melting peak [45].
2.2.2.2 X-ray diffraction
X-ray diffraction (XRD) data for PFA and PFAHT were collected with a θ-2θ
diffractometer (Philips X’Pert Pro MRD equipped with a Cu Kα X-ray source). The
crystalline and amorphous peak details, such as location and width, were analyzed
using standard software (MDI JADE). In addition, using a smaller X-ray spot size,
XRD measurements were performed on different regions of Pd-PFAHT nanocompos-
ites to analyze the variation of crystallinity across the heat-treated polymer.
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2.2.2.3 Transmission electron microscopy
Palladium nanocomposites were characterized using transmission electron mi-
croscopy (TEM) to determine particle size, particle distribution, and average par-
ticle number density. Cross sections for TEM imaging were prepared using diamond
microtome methods. Samples were then mounted on copper grids and imaged on
a transmission electron microscope (100 kV Philips EM 420). Standard software
(ImageJ) was used to analyze the micrographs to determine particle polydispersity.
2.2.3 Measurement of precursor diffusion
A non-isothermal, desorption method [46] was combined with thermogravimetric
analysis (TGA) to determine the diffusion coefficient of Pd(acac)2 in PFA. In a typical
experiment, a reaction vessel containing as-received and heat-treated PFA films (0.127
mm thick and 3 mm in diameter) as well as Pd(acac)2 powder was first evacuated. The
vessel was then heated to 413 K for 24 hours in order to fully saturate the films with
precursor molecules. The samples were cleaned and were weighed before and after the
saturation procedure using the high-precision scale in the thermogravimetric analyzer
(SDT Q600 TA Instruments), where the lower limit of balance sensitivity for the
instrument was approximately 0.1 µg. The average equilibrium precursor uptake was
determined to be∼15 µg per 3 mg of PFA. Thermogravimetric analysis was performed
on the precursor saturated samples and on an as-received PFA sample (as a control)
under argon atmosphere. Single heating curves were obtained at a constant heating
13
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rate of 2 K/min over a temperature range of 303-413 K. All measurements were done
below 413 K in order to avoid thermal decomposition of precursor, which occurs when
temperature is above 443 K. The mass loss from the TGA results represents precursor
desorption at various temperatures since neither PFA decomposition nor precursor
decomposition occurred in the temperature range of 303 to 413 K.
Analyzing diffusion with mass transfer requires assuming that changes in diffusant
concentration occur near the system’s boundaries [47]. The precursor molecules and
polymer are well-mixed, except near the polymer-air interface. The driving force for
precursor desorption is generated by gradients in precursor concentration over such
a phase boundary. Various fluoropolymers (including PFA) exhibit Fickian behavior
[48, 49], so it is reasonable to assume the distribution of precursor concentration in
the PFA samples follows Fick’s law. Based on these appropriate assumptions, the












where h is the thickness of polymer films, M∞ is the equilibrium precursor uptake of
the PFA sample, M(T ) is the quantity of precursor desorbed at temperature T , and
t is time. This equation allows us to calculate the temperature dependence of the
diffusion coefficient using the mass loss results. For the type of processing that is being
used in this study, mass transfer partly occurs under non-isothermal conditions, so
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the diffusion coefficients obtained from the non-isothermal method can be adequately
used in simulations of the overall process.
2.3 Results and discussion
2.3.1 Thermal and structural properties of PFA
The glass transition temperature (Tg) of PFA was taken from the maximum in
tan δ measured using DMTA (Fig. 2.1). The maximum occurs at 372 K, which is in
good agreement with the literature value of 363 K [3]. Annealing of PFA did not have
a significant impact on Tg since the maximum peaks of the tan δ for the heat-treated
PFA films were found near 372 ±1 K. Typical DSC results for the PFA samples are
shown in Fig. 2.2, where the melting point as well as the heat of fusion can be clearly
defined and determined. The melting temperature is approximately 583 K, and this
Figure 2.1: DMTA of PFA. Tan δ as a function of temperature.
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Figure 2.2: DSC scans of as-received, 413 K heat-treated, and 553 K heat-treated
PFA. Results are shown offset for clarity.
value is in good agreement with the literature value of 599 K [50]. In addition to the
main endotherm at 583 K, there is a shoulder at ∼573 K which could be attributed to
melting of imperfect crystals in the polymer. Using Eq. (2.1) along with the measured
∆Hf values and ∆H0 = 82 J/g [50, 51], the percent crystallinity of the as-received
PFA, PFA413K , and PFA553K were 24.1%, 24.9%, 34.3%, respectively. Annealing
PFA at 413 K did not seem to affect the percent crystallinity as much as annealing
at 553 K for the dwell time used in this study. Higher annealing temperatures and
longer annealing times might result in higher PFA crystallinity, but this was not the
focus of this study.
The XRD results obtained for the PFA samples are shown in Fig. 2.3. Broad
amorphous peaks centered at 2θ ∼16◦ and 38◦ were observed for all PFA samples.
While the 38◦ peak can be easily seen in the inset of Fig. 2.3, the 16◦ peak corresponds
to the tail on the left side of the most intense peak. There were no obvious changes
16
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Figure 2.3: X-ray diffraction results showing the crystalline peaks of as-received,
413 K heat-treated, and 553 K heat-treated PFA. Inset figure depicts the entire XRD
scan. The scans are offset for clarity.
to the widths or location of the amorphous peaks after annealing. The reflection
at approximately 2θ = 18.1◦ is associated with scattering by the (200) plane in
the quasi-hexagonal crystal of PFA [52, 53]. This crystalline peak did not shift any
after the heat treatment. However, the full width at half maximum (FWHM) of
PFA553K was narrower than that for as-received PFA or for PFA413K . The increase
in FWHM corresponds to a 9% increase in crystallite dimensions of PFA calculated
using the Scherrer equation [54]. This result is in good agreement with the increase
of crystallinty observed previously from the DSC results.
2.3.2 Precursor diffusion study
The fractional crystallinity and the distribution of the crystallites in the polymer
directly affect its gas permeability (which is the product of its sorption coefficient
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and diffusion coefficient) [55–57]. The Pd(acac)2 desorption results for PFA and
for PFA553K (Pd(acac)2-PFA and Pd(acac)2-PFA
553K respectively) are shown in the
TGA curve (Fig. 2.4 (a)), where the ratio of the mass-loss (M) to the initial sample
mass (M0) is plotted against temperature. PFA
413K was not used in the diffusion
study since its crystallinity was similar to that of as-received PFA. The desorption
result for as-received PFA film was included in the figure and treated as a baseline
for the other two desorption results to identify effects related to the base polymer
(such as sample size and humidity). The results show that the rate of mass-loss
in Pd(acac)2-PFA
553K was much higher than that for Pd(acac)2-PFA. At ∼328 K,
the desorption data for Pd(acac)2-PFA and for Pd(acac)2-PFA
553K deviate from the
baseline indicating loss of absorbed Pd(acac)2. At ∼373 K, the desorption process
stopped because either complete desorption had occurred or any remaining precursor
molecules were trapped in the polymer. Using the mass-loss data along with Eq.
(2.2), the diffusion coefficients at various temperatures were obtained and are given
in Fig. 2.4 (b). The diffusivity of Pd(acac)2 in PFA appears to fluctuate more than
that in PFA553K , especially in a temperature range from 340 K to 355 K. This is
because mass loss for Pd(acac)2-PFA in this temperature range is minimal, resulting
in a noisy appearance.
Gas diffusivity in polymers generally decreases as the crystallinity increases since
transport through crystallites is low and their presence in the polymer tends to in-
crease the tortuosity of the transport path in adjoining amorphous regions. However,
18
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Figure 2.4: (a) TGA showing mass losses for Pd(acac)2-infused PFA and Pd(acac)2-
infused PFA553K ; mass loss for as-received PFA film is provided for baseline correction.
(b) Computed diffusion coefficients based on mass loss measurements along with
theoretical fits using the free volume model (dashed line).
higher precursor diffusivity was found in the annealed PFA compared to the as-
received PFA. While other authors have indicated that the gas diffusivity in PFA is
independent of crystallinity [58], our results indicate a dependence on crystallinity.
We will attempt to interpret these results with a free volume diffusion model, which
also provides insight into the particle formation process.
2.3.2.1 Free volume model
The free volume model assumes diffusion occurs as a result of thermally-activated
redistribution of free volume in a polymer matrix and is based on the work by Cohen
and Turnbull who suggested that the rate of diffusion is directly proportional to
the probability of finding a sufficiently accessible region adjacent to the diffusing
molecule [59]. Fujita [60] took a similar approach and developed a free volume model
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Table 2.1: Fitting Parameters and Correlation Coefficients for Free Volume Model Fit
to Diffusion Measurements
System b (cm2/J· s) c α (K−1) Tg (K) f(Tg) R-squared
Pd(acac)2-PFA 6.33 × 10−8 0.362 8.14 × 10−4 369 0.063 0.957
Pd(acac)2-PFA
553K 1.53 × 10−7 0.217 9.48 × 10−4 372 0.065 0.997
that relates the diffusivity, D, to the fractional free volume, f , as follows:
D(T ) = bRTexp[−c/f ] (2.3)
where b and c are characteristic parameters for a polymer-diffusant system, and R
is the gas constant. It is widely accepted that the fractional free volume is linearly
proportional to temperature and is given by
f(T ) = f(Tg) + α(T − Tg) (2.4)
where f(Tg) is the fractional free volume of the polymer matrix at Tg, and α = αl−αg
is the difference of free volume expansion coefficients above and below Tg [61–63].
Combining Eq. (2.3) and Eq. (2.4) yields a model that can be used to interpret
diffusion data, and the results are shown in Fig. 2.4 (b). Using a least-squares fitting
method, the free volume model appears to agree well with measured results. The
model parameters for the curve fits are given in Table 2.1.
The Tg values from the model agree well with the measured ones (372 K). While
the DMTA data indicated that Tg of PFA did not change after heat treatment, the
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free volume model suggests a small increase in Tg for the 553 K treated PFA. The
fractional free volumes at Tg were found to be 0.063 and 0.065 for PFA and PFA
553K ,
respectively. These values are in general agreement with the fractional free volume
reported by other authors, who have shown that f(Tg) increased from 0.02 for poly-
mers with Tg = 200 K to ∼0.08 for polymers with Tg = 400 K [64,65]. The fractional
free volume of PFA553K is larger than that of PFA at Tg and at T > Tg since the
free volume expansion coefficient of PFA553K is larger. This result could be related
to the re-distribution of crystalline regions that might constrain surrounding amor-
phous material and result in freer movement of polymer chains in these regions [43].
Cheng and Sun observed similar behavior in a different semi-crystalline polymer sys-
tem using positron annihilation lifetime spectroscopy (PALS) where an increase in
free volume and free volume expansion coefficient occurred after heat treatment [66].
Also, it should be noted that the results obtained here for fractional free volume and
free volume expansion coefficient are comparable to those obtained by other groups
using PALS [62,63,67].
The free volume size is another important characteristic of polymers and affects
molecule transport. The average size of a free volume cavity, ⟨v⟩, is directly propor-
tional to f and is given by
⟨v⟩ = f(T )
Nh
(2.5)
where Nh is the number density of free volume cavities. At 413 K, which was the
temperature used in the precursor saturation process, f was calculated to be 9.6%
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and 10.4% respectively for PFA and PFA553K using the free volume model. Dlubek
estimated the free volume number density of PFA to be 0.27 nm−3 using PALS [62]
and claimed that Nh is independent of temperature [63]. Using Eq. (2.5) and letting
Nh = 0.27 nm
−3, ⟨v⟩ can be estimated to be 0.36 nm3 for PFA and 0.39 nm3 for
PFA553K . If the free volume cavities are spherical, the average diameter would be
0.88 nm for PFA and 0.90 nm for PFA553K . Comparing these values to the molecular
size of Pd(acac)2, ∼0.85 nm in length [68], indicates that the average free volume
cavities of both PFA matrices are sufficiently large for the diffusion of Pd(acac)2
molecules.
2.3.3 TEM analysis of palladium nanocomposites
Palladium nanocomposites were synthesized by decomposing the Pd(acac)2 pre-
cursor in the polymer matrices. Both as-received PFA and heat-treated PFA were
used and the resulting nanocomposites differed significantly from each other. Indeed,
as illustrated in Fig. 2.5 (a) and (b), simple visual inspection shows differences be-
tween the Pd-PFA and Pd-PFA553K nanocomposites. While the Pd-PFA material
has a uniform dark-brown color, Pd-PFA553K has randomly distributed dark-brown
and light-brown regions with the differences corresponding to variations in palladium
particle content. TEM imaging of dark-brown nanocomposite material (Fig. 2.5 (b)
and region ϵ in Fig. 2.5 (a)) shows that particle number density is significantly higher
than that of the light-brown nanocomposite material (region γ in Fig. 2.5 (a)), and
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Figure 2.5: Optical reflection micrographs of (a) Pd-PFA553K and (b) Pd-PFA.
Representative TEM images and their corresponding particle size distributions of (c)
light-brown films and (d) dark-brown films.
the average radius of particles in the light-brown regions is about three times smaller
than that of particles in the dark-brown material (Fig. 2.5 (c) and (d)).
Relatively low magnification TEM images of Pd-PFA were obtained in order to
capture a large number of nanoparticles and use them to present an adequate particle
size distribution. A representative low magnification TEM image of Pd-PFA is shown
in Fig. 2.6 (a). The distribution of Pd nanoparticles is continuous from the material
surface to the interior of the sample. These discrete particles, approximately spherical
with radius from 1-8 nm, were well dispersed in the PFA matrix. Figure 2.6 (b) shows
the particle size distribution. If nanoparticle formation is related to the free volume
of the polymer, the resulting nanoparticle size distribution should somehow relate the
free volume density function. It has been found that the free volume density function,
23
2.3. RESULTS AND DISCUSSION
Figure 2.6: (a) TEM image of Pd-PFA (b) representative particle size distribution
and its curve fit according to a modified free volume distribution function.










where β is a parameter that relates to the mean fluctuations in free volume, fm is the
mean fractional free volume, and Γ(β) is the gamma function [72,73]. While the free
volume distribution follows a gamma distribution, we notice that this also mutually
describes the particle size distribution if we let f = r and fm = rave (where r is the
particle radius, and rave is the average particle radius). This modified function is
identical to the Schuliz-Flory distribution function, which has been shown to describe
the particle size distribution of many similar material systems [1,74–76]. The resulting
fit is shown in Fig. 2.6 (b), and β, rave, and the correlation coefficient of the fit
to the data were found to be 30.3, 3.8 nm, and 0.986 respectively. Note that a
Gaussian function did not fit the data as well as the Schulz-Flory distribution function.
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Even though the free volume distribution for the PFA used in this study was not
measured, it is clear that particle size has a particular connection to free volume. A
spherical Pd nanoparticle with a radius of 3.8 nm contains approximately 1.56× 104
Pd atoms which are derived from the same number of precursor molecules as a result
of decomposition. The average free volume cavity has a radius of 0.50 nm (based on
the free volume model calculation for PFA at 473 K) and more than one precursor
molecule occupies this volume. If each cavity contains six precursor molecules before
decomposition occurs, then there needs to be more than 2.60×103 free volume cavities
to accommodate 1.56×104 precursor molecules. Based on the average number density
of free volume cavities in PFA (Nh = 0.27 nm
−3), these free volume cavities define
a spherical region for particle formation that has a radius of 13.2 nm. This value
is close to the average first neighbor shell distance of the nanoparticles, ∼13.7 nm.
This distance was calculated by first performing Voronoi tessellation on the TEM
micrographs and then equating the area of each Voronoi polygon to a circular region
followed by averaging of the radii. This rough estimation indicates that the particle
size distribution is mainly determined by the precursor distribution and hence the
free volume distribution of the fluoropolymer—the particle size is controlled by the
available free volume and the enclosed precursor molecules in the close proximity of
a nucleation site.
Unlike Pd-PFA, the size distribution of Pd nanoparticles in Pd-PFA553K is not
uniform throughout the bulk of the polymer matrix. While the particle size distri-
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bution in the dark brown region of Pd-PFA553K is similar to that in Pd-PFA, the
light brown region of Pd-PFA553K has low particle number density as well as small
particle size (Fig. 2.5 (c)). The nonuniform structural change of the heat-treated
PFA matrix likely contributed to the variation of particle density. To verify this,
X-ray diffraction measurements were performed on the dark brown and light brown
regions in Pd-PFA553K as well as on Pd-PFA, and the results are shown in Fig. 2.7.
It should be noted that the volume fractions of palladium were too low for detec-
tion of diffraction from the palladium particles. Since the amorphous peaks for each
sample are similar, the polymer crystallinity can be compared by measuring the area
under the crystalline peaks (2θ = 18.1◦). Doing so indicates that the crystallinity
of the dark brown region in Pd-PFA553K is similar to that of as-received PFA, and
this result correlates with the corresponding particle densities observed in the TEM
micrographs. The crystalline peak area for the light brown region is larger and this
Figure 2.7: X-ray diffraction scan showing the crystalline peak for Pd-PFA as well
as for the dark brown and light brown regions of Pd-PFA553K .
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indicates that crystallite size and spatial distribution were altered by annealing. The
distribution of free volume ought to vary accordingly. While the free volume differ-
ence between the light brown and dark brown regions is unclear, the differences of
the corresponding particle number density and particle size is significant. Based on
the ideas developed here, the light brown region could have lower free volume and
this would hinder precursor diffusion and would also limit the volume of precursor
available for subsequent particle formation. However, since the precursor diffusion
measurements tend to indicate that overall free volume in the annealed matrix is
higher, the organization of crystalline and amorphous phases in the light brown re-
gions must be altered in a way that enhances diffusion but inhibits particle formation.
Also, this altered structural organization would impact the distribution of MAF and
RAF and have a corresponding effect on the free volume [62] since RAF has higher
free volume than MAF [37,38].
2.4 Conclusion
A chemical infusion synthesis process was used to synthesize polymer matrix
nanocomposites, and the effect of polymer structure on precursor diffusion and nanopar-
ticle formation was investigated by changing the crystallinity of the polymer matrix.
In particular, the diffusion of Pd(acac)2 precursor and the formation of palladium
nanoparticles in PFA and annealed PFA were studied. A free volume model was used
to interpret the diffusion results, and the average free volume size was estimated to
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be sufficiently large for the diffusion of Pd(acac)2 molecules at the processing tem-
perature. Transmission electron microscopy studies indicated that palladium particle
size and spatial distributions in the as-received and annealed PFA matrices were
significantly different. While monodisperse particle distribution was found in the
as-received PFA matrix, nonuniform particle number density and size distribution
were found across the annealed PFA matrix. The fact that both precursor diffusiv-
ity and particle formation changed as a result of modification of polymer structure
indicates that particle size and spatial distribution are determined by the structure
and morphology of the polymer matrix. We speculate that the particle size and size
distribution are limited by the polymer free volume and the infused precursor.
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Chapter 3
Palladium Nanoparticle Formation Processes in
Fluoropolymers by Thermal Decomposition of
Organometallic Precursors
3.1 Introduction
In the previous chapter, the structure of the polymer matrix was shown to have
significant effects on precursor diffusion as well as particle formation. The connec-
tion between the precursor/particle size and the size of polymer free volume was
demonstrated qualitatively based on the diffusion results, and we concluded that the
formation of nanoparticles is determined by the infused precursor. However, these
ideas require quantitative descriptions so that the nanoparticle formation mechanisms
can be adequately interpreted. This chapter aims to provide a better understanding
of the correlation between particles and polymer free volume as well as give a detailed
interpretation of the particle nucleation and growth processes in the polymer matrix.
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The formation of nanoparticles in polymer solutions has been studied in depth
owing to the development of advanced characterization techniques, such as in-situ
liquid cell transmission electron microscopy and time-resolved in-situ small angle X-
ray scattering [77–79]. In general, nanoparticle synthesis in solutions can be described
using the classical LaMer burst mechanism [80,81]. The LaMer mechanism is divided
into three stages: (1) the solute species in solution are supersaturated but no particles
are present; (2) the concentration of solute reaches a critical level of supersaturation
that drives rapid nucleation which partially relieves supersaturation; (3) nanoparticle
growth occurs by incorporation of the remaining solute—there is almost no additional
nucleation. The growth process can continue through Oswald ripening [82] resulting
in particle size dispersity, and the characteristic particle size distribution is described
in the Lifshitz-Slyozov-Wagner (LSW) theory [83,84]. At a later stage of the growth
process, other particle growth phenomena can also occur, such as coalescence, orien-
tated attachment, and intraparticle growth [85–88]. For synthesis of transition metal
nanoparticles, a two-step mechanism, named Finke-Watzky mechanism, has been
proposed [89]. The Finke-Watzky mechanism consists of slow continuous nucleation
followed by autocatalytic surface growth (A → B followed by A+B → 2B where A is
a general organometallic precursor and B is a nanocrystal). This mechanism has been
shown to describe various nanoparticle systems, including platinum [90], iridium [91],
and rhodium [92]. Similar to nanoparticle formation in solution, nanoparticle forma-
tion on the surface of a substrate via vapor deposition generally obeys the classical
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theory of heterogeneous nucleation on defects, and particle growth is mainly governed
by diffusion of adsorbed atoms. The degree of applicability of this classical approach
depends on the size of the nuclei. For those involving large critical nuclei, it de-
scribes the nucleation and growth process well since the macroscopic thermodynamic
properties can be appropriately assigned to the nuclei. For small critical nuclei, sta-
tistical mechanical models have been developed [93,94] and validated experimentally
for many material systems [95–99].
Although the chemical infusion technique used in this study is different from the
wet chemistry or vapor deposition techniques in terms of synthesis procedures, we
will show that its essential mechanism of nanoparticle formation can be interpreted
by combining heterogeneous nucleation theory and various particle growth mecha-
nisms. For the work presented in this study, palladium nanoparticles were grown in
a semi-crystalline fluoropolymer using the chemical infusion technique, and the for-
mation of palladium nanoparticles was studied by creating a series of samples that
effectively captured particle size and distribution as a function of processing times
and by analyzing these samples using transmission electron microscopy—imaging as
well as selective area electron diffraction. Using related results, it is shown that the
nucleation of nanoparticles can be connected to the free volume of polymer [100] and
that the growth of the nanoparticles can be divided into four stages each with its own
growth characteristics. Having established the essential aspects of the particle syn-
thesis process, the effect of temperature as a processing variable on particle formation
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Commercially available palladium(II) acetylacetonate (Pd(acac)2; 99% Pd; Sigma-
Aldrich) was used as a precursor for preparing palladium nanoparticles. The palla-
dium precursor was used in its as-received state without further preparation. A
semicrystalline poly[tetrafluoroethylene-co-(perfluoropropyl vinyl ether)] (PFA; CS
Hyde) was chosen as the polymer matrix. The surfaces of the PFA films were cleaned
with acetone and deionized water prior to synthesis.
3.2.2 Synthesis of Palladium nanocomposites
Palladium nanocomposites (designated as Pd-PFA) were synthesized using the
chemical infusion technique. The synthesis process was started by placing a 60 ×
100 × 0.127 mm3 PFA film in a glass reaction vessel (1 L) along with ∼30 mg of
Pd(acac)2 powder dispersed around the inner wall of the vessel. The reaction vessel
was evacuated to ∼160 mTorr in order to remove air from the vessel as well as volatiles
from the PFA matrix. The vessel was heated in an oven for 2 hours at 140 ◦C to
sublime/vaporize the Pd(acac)2 precursor and allow the precursor to diffuse into the
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PFA matrix. Owing to the process used to synthesize the nanocomposites, there
was a large volume of palladium precursor placed on the wall of the reaction vessel,
and the precursor must vaporize and be transported a significant distance (up to 20
mm) to reach the polymer. As a result, it is necessary to hold the reaction vessel
at the vaporization temperature for an appropriate amount of time—two hours was
determined to be adequate in this material system. The temperature of the oven
was then raised to 180 ◦C (the lowest temperature at which the decomposition of
Pd(acac)2 could be observed) and held for 0.25, 0.5, 0.75, 1, 2, 6, and 8 hours to
induce precursor decomposition followed by nanoparticle formation. The reaction
vessel was quickly transferred to a room temperature environment in order to arrest
the particle-formation-state in the sample—Pd-PFA is very stable structurally at
room temperature and this can inhibit various growth processes from occurring. A
series of 7 different Pd-PFA films with various dwell times for decomposition was
used to study the nucleation and growth of Pd particles in PFA. A separate set of
Pd-PFA was synthesized at relatively high temperatures (220 ◦C and 240 ◦C) and
short processing time (∼2 hours)—further particle growth was not observed after
this processing time. The resulting nanocomposites were used to study the effect of
temperature on particle formation.
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3.2.3 Characterization
Transmission electron microscopy (TEM) images and selective area electron diffrac-
tion (SAED) patterns were obtained to provide particle size, particle distribution, av-
erage number density, and structural information about the Pd nanoparticles. Cross
sectional samples ∼100 nm in thickness were prepared using diamond microtome
methods. Samples were then mounted on copper grids and imaged on a 100 kV
Philips EM 420 transmission electron microscope. The point-to-point resolution of
the TEM was 0.33 nm. Standard software (ImageJ) was used to analyze the TEM
micrographs. An Oxford energy dispersive X-ray spectroscopy (EDS) detector was
used for the elemental analysis.
3.3 Results and discussion
3.3.1 Nucleation and free volume
Representative TEMmicrographs illustrating a systematic time-sequence for nanopar-
ticle formation are shown in Fig. 3.1. The energy dispersive X-ray spectroscopy
analysis (inset of Fig. 3.1) indicates the presence of palladium, and the detection
of fluorine comes from the PFA matrix. These palladium nanoparticles are approx-
imately spherical, and the particle number density as well as particle size appear to
increase as the processing time increases. The nanoparticle number density was mea-
sured from the TEM micrographs, and its variation with time at 180 ◦C is shown in
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Figure 3.1: Representative TEM images of Pd-PFA processed at 180 ◦C with dwell
time = (a) 0.25, (b) 0.5, (c) 2, and (d) 8 hours. The inset shows an EDS spectrum
of Pd-PFA.
Fig. 3.2. Unlike the LaMer burst nucleation, in which the rate of nucleation is effec-
tively infinite, the particle number density increases slowly over a period of about two
hours. This slow nucleation can be attributed to the decomposition characteristics
of Pd(acac)2. The rate at which the palladium atoms arrive at the nucleation sites
depends on the decomposition rate of the precursor and this will necessarily impact
the nucleation process. The variation of particle number density in Fig. 3.2 can
be best described by an exponential approach to a saturation value associated with
a maximum particle number density. This is to be expected if a fixed and limited
number of nucleation sites is present initially in the polymer. If the rate at which the
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Figure 3.2: Average palladium particle number density at various dwell time for
decomposition temperature of 180 ◦C. The error bars represent the overall distribution
of the data. Dashed line represents the best fit to Eq. (3.2).







where N is the number of sites occupied at time t, I is the nucleation rate, and N0










Equation 3.2 can be used to fit the experimental results in Fig. 3.2 with the result
shown where N0 and I were taken to be 4.23 × 1016 cm−3 and 1.23 × 1013 cm−3s−1,
respectively.
36
3.3. RESULTS AND DISCUSSION
Figure 3.3: Representative TEM images of saturation concentration of Pd nanopar-
ticles in PFA processed at (a) 180 ◦C for 8 hours and at (b) 220 ◦C for 2 hours; (c)
and (d) showing their corresponding particle size distributions. Solid lines are curve
fit based on Eq. (3.3).
Palladium nanocomposites were also synthesized at a relatively high temperature
(220 ◦C), while keeping the other experimental conditions the same. Although the
nucleation rate at this high processing temperature was not determined, it gener-
ally requires less time for the particle number density to reach its saturation level
compared to materials processed at relatively low temperatures. The nucleation rate
likely increases with temperature since the decomposition rate of the palladium pre-
cursor (and hence the incident rate of palladium atoms) also increases as temperature
increases [39,40,95–97]. Figure 3.3 shows representative TEM images of Pd-PFA pro-
cessed at 180 and at 220 ◦C as well as their corresponding particle size distributions
(PSDs). The bin-width, W = 0.5 nm, was chosen based on Sturge’s method [101]
where W = (Rmax −Rmin) /(1+ log2M), Rmax and Rmin are the maximum and min-
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imum particle radius and M is the number of particles. It should be noted that
detection of particles less than 0.5 nm in radius was difficult owing to insufficient
contrast between the background structure originating from the polymer matrix and
any small particles that might be present. The radius of the nanoparticle ranges from
0.6 to 3.8 nm for Pd-PFA processed at 180 ◦C and from 0.6 to 4.8 nm for materials
processed at 220 ◦C. Neither a Gaussian nor a left-skewed distribution (which is a
characteristic shape of the LSW theory for Ostwald ripening [102]) was found in any
of the Pd-PFA samples. The Pd particle size distribution, P (R), follows a model










where Rave is the average particle radius, and z is related to the particle polydispersity
(pp) by pp = z−1/2 and can be referred to as the width of the Schulz-Flory distribution
[75]. This gamma distribution has been used in the previous chapter, and it was shown
that there could be some correlation between particle size and polymer free volume.
The PSDs were fit using a non-linear least squares curve fitting routine based on Eq.
(3.3), and the results are shown in Fig. 3.3 (c) and (d). A one-sided Kolmogorov-
Smirnov test was used to make goodness of fit analysis, and the results suggest that
the Schulz-Flory gamma distribution fits the particle size distributions well. The
values of z were determined to be 16 and 47, which correspond to polydispersity
of 0.25 and 0.15, for material processed at 180 ◦C and at 220 ◦C, respectively. The
average particle radius was determined to be 2.0 nm and 3.1 nm for Pd-PFA processed
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at 180 ◦C and at 220 ◦C, respectively. Higher processing temperature resulted in
larger nanoparticles. It appears that the precursor molecules do not all decompose
instantaneously at the decomposition temperature (180 ◦C or 220 ◦C). The ones that
have decomposed can nucleate and grow at the nearby nucleation sites, and the ones
that have not yet decomposed continue the diffusion process until a concentration
equilibrium is reached. More precursor molecules can dissolve in the PFA matrix at
220 ◦C than at 180 ◦C, which results in larger nanoparticles at higher temperature.
Regardless of the processing temperature, the Pd nanoparticles seem to form
throughout the bulk of the polymer matrix. However, when considering heteroge-
neous nucleation, the preferred sites for nucleation should reside on the defects or
imperfections in the polymer matrix with the result that the density of defects should
somehow correlate with the apparent particle number density. The saturation particle
number densities observed at different processing temperatures appear to be similar
(Fig. 3.3 (a) and (b) contain approximately 450 and 375 nanoparticles, respectively)
suggesting that particle nucleation possibly occurs on the existing defect sites in the
PFA matrix.
Defects and imperfections in polymers have distinct definitions. For a semi-
crystalline polymer, defects can be chain disorder in the crystalline region, interface
between the crystalline and amorphous regions, and poor chain packing with voids in
the amorphous region. These defects can be related to the free volume of the polymer.
In particular, Spaepen has proposed that the fraction of defect sites, n, in a system
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where ∆f is the fraction of the sample volume in which potential defect sites can
be found, γ is a geometrical factor that takes into account the overlap between the
neighboring free volume (ranges between 0.5 and 1), v is volume, and vf is free




linearly as temperature increases [62,63,67]. Consequently, according to Eq. (3.4), the
volume fraction of defects, and hence volume fraction of preferential nucleation sites,
should increase as temperature increases. The implication is that Pd-PFA processed
at 220 ◦C should have higher fractional defect volume than materials processed at
180 ◦C. This increase in fractional defect volume can result in additional nucleation
sites, relatively bigger defect size, or a combination of both. However, it is unlikely
that higher processing temperature will result in additional nucleation sites since the
saturation number concentration of the nanoparticles in Pd-PFA processed at 220
◦C is similar to (and slightly lower than) that in materials processed at 180 ◦C (Fig.
3). The increase in fractional defect volume may largely come from the growth of
defect size. Regardless, the increase in defect volume will allow additional precursor
molecules to diffuse into the polymer matrix so that the nanoparticle size should
increase accordingly. To verify this, the fractional defect volume n was calculated
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using Eq. (3.4) letting v
vf
= 6.1 (for T = 220 ◦C) and 7.6 (for T = 180 ◦C)—
these values were obtained from a diffusion study for a Pd(acac)2-PFA system [103].
Assuming ∆f remains unchanged and the geometrical factor γ = 0.5 (or 1), Pd-
PFA processed at 220 ◦C has an n value approximately equals to 2.1 (or 4.5) times
higher than for material processed at 180 ◦C. Compared to the total particle volume,
which can be determined by assuming all the nanoparticles are spherically shaped,
Pd-PFA processed at 220 ◦C has a total particle volume value 2.6 times higher than
material processed at 180 ◦C. This difference in total particle volume is comparable
to the difference in fractional defect volume, which was calculated to range from 2.1
to 4.5. In fact, the fractional defect volume difference equals the total particle volume
difference when the geometrical factor γ = 0.63 is used.
On the basis of the observed relation between particle size and polymer defect
volume, we conclude that the volume fraction of defects is directly related to the
maximum particle volume fraction. By equating Eq. (3.4) to the volume fraction of
spherical nanoparticles, a relation between the average particle radius and the mean











where ρn is the particle number density. This result indicates that the average parti-
cle radius can be calculated from the mean fractional free volume, or vice versa. For
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instance, if γ = 0.63, ∆f = 1, and ρn = 4.3× 10−5 nm−3 (an estimated particle num-
ber density based on TEM micrographs), nanoparticles can be grown to an average
size ranging from 2.6 to 8.7 nm in diameter when the mean fractional free volume
varies from 0.08 to 0.15, which are typical fm values for fluoropolymers based on the
measurements using positron annihilation lifetime spectroscopy [62,63,67].
3.3.2 Particle Growth
Decomposition of an organometallic precursor molecule could yield either a metal
complex or a metal atom. As a result, there are two separate pathways for formation
of stable nanoclusters from precursor molecules: one is for them to bond as complex
metal ions then a reduction to occur, or they are reduced first and then bond as
atoms. The latter is more likely since the thermogravimetric studies have indicated
that the thermal decomposition of Pd(acac)2 is a single-step process that yields Pd
atoms and 2acac molecules [40]. After forming stable nanoclusters, the growth rate is
directly related to the total flux of atoms joining a cluster [104]. However, the total
flux cannot be easily determined since the concentration of atoms at a distance from
the center of the particle is not known. This problem can be solved, at steady state,
using the lattice approximation, where a constant density of particles is assumed to
be regularly distributed on a square lattice [105, 106]. Based on these assumptions,
Henry and Meunier numerically solved the rate equation showing that the growth of
metal clusters on insulators can be expressed by a power law [104, 107]. However,
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steady state growth conditions do not hold in our material system since the average
concentration of species available for particle growth diminishes over time. In our case,
the nanoparticle growth is analogous to diffusion-limited growth. Previous studies
have shown that, during diffusion-limited growth, the average solute concentration
⟨C⟩ in a diffusion field can be expressed approximately as follows [108,109]:





+ Cf , (3.6)
indicating that the temporal variation of the mean solute concentration depends on
the initial C0 and final Cf concentrations as well as the spacing between nucleation
sites rf and the parameter AD that is linearly proportional to the diffusion coefficient
of the growth species. For our palladium nanocomposites, there are two possible mech-
anisms for precursor-decomposition-and-particle-growth. Growth of Pd nanoparticles
at the early stage can occur by thermal decomposition of Pd precursor followed by
capture of diffusing Pd atoms or by direct impingement of Pd precursor molecules on
the existing nanoclusters followed by autocatalytic surface growth [89]. The temporal
variations of particle size should differ between these two mechanisms (decomposition-
and-transport versus transport-and-decomposition) since the diffusion coefficients of
palladium atoms and palladium precursor molecules as well as the decomposition
rates will likely differ. Despite the differences, the growth of nanoparticles can be
estimated by modifying Eq. (3.6). Since the amount of solute that contributes to
the particle growth is 1 − ⟨C⟩ /C0, convolving it with the precursor decomposition
43
3.3. RESULTS AND DISCUSSION
probability function yields an equation that can adequately describe the nanoparticle























is the average particle radius normalized by the maximum average particle
radius, S(t) is the precursor decomposition probability function, and the asterisk
indicates convolution with respect to time. For the transport-and-decomposition case,
the particle-mediated catalytic decomposition is likely a rapid process so that S(t)
can be represented by a Dirac delta function. For the decomposition-and-transport
case, the probability of thermal decomposition of precursor is not known. However,
a previous study has shown that 50 mg of Pd(acac)2 required approximately 4 hours
to be fully decomposed in a nitrogen atmosphere at 190 ◦C [39]. As a result, the
probability function for thermal decomposition of precursor is likely a broad Gaussian
distribution under the assumption of normality. For our material system, since the
nucleation and growth rates appear to be highest when the processing time is ∼0.5
hour and greatly diminish after ∼1 hour, the mean and the standard deviation of the
Gaussian probability density function can both be assumed to be 0.5.
Figure 3.4 shows the time evolution of particle size distributions of Pd-PFA pro-
cessed at 180 ◦C. The average particle radii were determined by fitting the particle
size distributions with Eq. (3.3). Figure 3.5 shows the change of particle radius as a
function of processing times, where the error bars represent ± 1 standard deviation
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Figure 3.4: Particle size, population distribution of Pd-PFA synthesized at 180 ◦C
with various dwell time.
Figure 3.5: Evolution of normalized palladium particle radius at decomposition
temperature of 180 ◦C. The error bars represent ± 1 standard deviation. Dashed line
is the curve fit based on Eq. (3.7) with S(t) equals a Dirac delta function; the sum
of squared errors of the curve fit is 0.0211. Dotted line is the curve fit based on Eq.
(3.7) with S(t) equals a Gaussian probability density function. Inset figures depict
representative SAED patterns of Pd-PFA with short (left), medium (middle). and
long (right) processing times.
45
3.3. RESULTS AND DISCUSSION
of the radii. In order to use Eq. (3.7) to describe the growth of the nanoparticles,
a couple of parameters (Cf and rf ) have to be adequately determined beforehand.
First, the final concentration of the growth species, Cf , can be assumed to be 0
since no further particle growth was observed when the dwell time exceeded 8 hours.
Second, the radius of the diffusion field, rf , was taken to be 9 nm, and this value
was determined by treating each nanoparticle as a diffusion sink and by employing
Voronoi approximation. Specifically, Voronoi tessellation was first performed on the
TEM micrographs, and then the area of each Voronoi polygon was approximated by
a circular region with an area equal to the polygon. Figure 3.6 shows a TEM image
and its corresponding Voronoi diagram where five circles are displayed to demon-
strate the area approximation. Finally, the average value of the radii of the circular
regions was taken to be rf . It should be noted that this Voronoi approximation is a
two dimensional approach to estimate the radius of the diffusion field. If the average
inter-particle distance is 18 nm (2rf ) in a 100 nm thick sample, the TEM images
would show approximately 6 particle layers on top of each other. As a result, this
rough estimation of rf represents the smallest average first neighbor shell distance of
nanoparticles. Under these appropriate assumption and approximation, the growth
of the nanoparticles can now be fit using Eq. (3.7). Since the main growth mechanism
(decomposition-and-transport versus transport-and-decomposition) is undetermined,
the precursor decomposition probability function, S(t), can be taken either as a Dirac
delta function or a Gaussian probability density function. Using a least-squares fit-
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Figure 3.6: (a) Representative TEM image of Pd-PFA synthesized at 180 ◦C for 8
hours and (b) its corresponding Voronoi diagram. The spaces closest to the diffusion
sinks, represented by the Voronoi polygons, are approximated by circular regions
with areas equal to those of the polygons. For clarity, selective circular regions are
displayed in the diagram.
ting method, Eq. (3.7) appears to fit the growth of particle radius well when the
precursor decomposition probability function was the Dirac delta function (Fig. 3.5
dashed line). In contrast, a poor fit was found when the precursor decomposition
probability function was taken to be the Gaussian function (Fig. 3.5 dotted line).
These results suggest that the transport-and-decomposition process likely dominates
over the decomposition-and-transport process. In the case when S(t) was taken as
the Dirac delta function, the parameter AD was found to be 205.5 nm
2/hour, and this
parameter is linearly proportional to the diffusion coefficient D such that AD = αD
where α is a coefficient of proportionality [108]. Unfortunately, the values of α and
D cannot be determined independently from a single fit. However, it is possible to
estimate the diffusion coefficients (and the activation energy) by studying additional
sets of particle growth behavior at different processing temperatures and by assuming
α is independent of temperature.
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It is interesting to note that the nanoparticle growth presented in this study (Fig.
3.5) is similar to the nanocrystal growth proposed by Wang et al. [110], which includes
classical nucleation and growth followed by aggregative nucleation and growth. The
authors illustrated that the classical regime usually produces primary nanocrystals
(often ranged in 1 to 3 nm in diameter), and that regime is followed by a second in-
duction and growth period associated with primary nanocrystals diffusion and coales-
cence (aggregative nucleation and growth). In the final regime, Oswald ripening may
or may not be present. The authors also suggested that the aggregative-growth kinet-
ics can be fit using a modified Kolmogorov-Johnson-Mehl-Avrami (KJMA) method.
However, since the fitting parameters (a “rate” parameter and the Avrami exponent)
possess no physical meaning for nanoparticle formation [111], the fitting results will
only be useful in comparison studies [112]. For this reason, even though the KJMA
expression can fit the nanoparticle growth profile in Fig. 3.5 reasonably well (but not
as well as Eq. (3.7)), the fitting results are not provided here [113].
While interpretation of the particle growth is challenging, we will attempt to de-
scribe its growth process by dividing Fig. 3.5 into four different stages. In stage I
(0 < t < 1 H), the particles have a fast growth rate since the concentration of species
available for inclusion in particles is high at the beginning. Both decomposition-
and-transport and transport-and-decomposition processes are expected to take place
in this stage, but the transport-and-decomposition mechanism likely dominates. In
stage II (1 < t < 2 H), the average particle size is approximately unchanged, and one
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possible explanation is that the Pd nanoparticles begin to crystallize at this stage.
During crystallization, atoms in nanoparticles arrange themselves in a close-packed
fashion causing a decrease in the sizes of the nanoparticles. However, this decrease in
particle size might be accommodated by the growth species that have yet to be bonded
to the nanoparticles. As a result, the variation of particle size is small in this stage.
Although the crystallization temperature of palladium is up to ∼500 ◦C [114], crystal-
lization of nanoparticles is known to be size dependent—the smaller the particle the
lower the crystallization temperature [115–117]. Electron diffraction measurements
were performed on the Pd-PFA samples with short (0.75 H), medium (2 H), and long
(6 H) processing times, and representative SAED patterns are shown in Fig. 3.5.
As expected, when the processing time is short, the SAED patterns exhibit diffuse
rings (left), indicating that the Pd nanoparticles are amorphous. As the processing
time increases, the diffraction rings are more distinct (middle). At long processing
times, the SAED patterns (right) show relatively sharp rings indicating that the Pd
nanoparticles are crystalline [118]. These Pd nanoparticles are polycrystalline, and
the SAED patterns exhibit five sharp rings assigned to (111), (200), (220), (311), and
(331) lattice planes with spacing 2.2 Å (111), 1.9 Å (200), 1.3 Å (220), 1.2 Å (311),
and 0.9 Å (331) of face centered cubic Pd. In stage III (2 < t < 6 H), crystallization
continues accompanied by a small growth rate. This slow growth could be related to
exhaustion of the remaining growth species as well as particle coalescence and ori-
ented attachment (aggregative growth). Occasionally, if the nanoparticles are in close
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proximity to each other, they can merge and combine into one large particle in order
to reduce their surface area. However, this phenomenon is greatly hindered because
of the network structure of the polymer chains. Figure 3.7 shows a particular case of
two Pd nanoparticles that have undergone oriented attachment—the lattice fringes
at the particle boundary were perfectly aligned. The shape of the PSD is also an in-
dication of aggregative growth of nanoparticles. Grillo et al. described the growth of
platinum nanoparticles in atomic layer deposition and devised a dynamic model that
accounts for single atoms and nanoparticles diffusion and coalescence [119]. In that
coalescence model, the characteristic PSD exhibits a right-skewed distribution. This
characteristic shape of the PSD is also found in our nanoparticle system, especially at
the later stage of particle growth (Fig. 3.4). Neither Oswald ripening nor other types
of particle growth was observed in stage IV (7 > t > 8 H). The optical properties of
the Pd-PFA films remained unchanged even after prolonged processing (up to 18 H).
The driving force for Ostwald ripening is the difference in chemical potential between
particles of difference sizes. However, Ostwald ripening is likely suppressed since
the disperse phase (nanoparticles) has a very low solubility in the continuous phase
(polymer matrix). Also, further aggregative growth is unlikely to occur since the
nanoparticles can be stabilized by the polymer matrix via steric interaction. While
metal nanoparticles have strong van der Waals forces and tend to aggregate when in
inert nonpolar media, aggregation is usually prevented by coating the nanoparticles
with a tightly bound polymer [120]. The Pd nanoparticles synthesized in this study
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Figure 3.7: High resolution TEM image showing the oriented attachment of two
palladium nanoparticles. Materials were synthesized at 180◦C for 8 hours.
were not coated with any surfactants. However, these nanoparticles were grown on
or in the vicinity of the fluoroalkyl chains of the PFA matrix, and the fluoroalkyl
end-capped oligomers are known to be able to encapsulate and stabilize fine metal
particles.
3.3.3 Surface percolation of nanoparticles
At a low processing temperature, the four stages of nanoparticle growth are quite
evident. However, the time needed to accomplish each stage at higher processing
temperatures might be less than at 180 ◦C. It appears that these nanocomposites
can be synthesized in shorter periods of time at higher temperatures. In order to
determine the highest temperature that will retain homogeneous particle size and
spatial distributions throughout the bulk of the polymer matrix, Pd-PFAs were syn-
thesized at elevated temperatures. However, when the processing temperature was
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increased to 240 ◦C, surface percolation of nanoparticles was observed, and this re-
sult is shown by the TEM image in Fig. 3.8 (a). In contrast, Pd-PFA synthesized at
220 ◦C displays similar particle number densities at the surface as are found in the
bulk (see Fig. 3.8 (b)). Although high particle densities in the near surface region
have been observed previously with multiple infusions [121], in this work a single
infusion at high temperature showed a clear distinction between surface and bulk
nanoparticles densities. This is important since we demonstrated that surface-loaded
nanocomposites can be synthesized without extended processing. The radius of the
nanoparticles in the bulk ranged from 1 to 2 nm, and the bulk exhibits a relatively
low particle number concentration compared to the surface. The average radius of
the near-surface nanoparticles is approximately 4 nm, more than twice that of bulk
nanoparticles. These near-surface nanoparticles are often interconnected so that a
randomly percolated structure is formed. While the polymer surface has slightly
higher free volume than the bulk [122], it is unlikely that the small difference in free
volume is a critical contributing factor for the surface percolation of nanoparticles
since PMNCs processed at low temperatures exhibit rather uniform particle number
densities in the entire sample. Alternatively, high processing temperatures (≥ 240 ◦C)
cause high precursor decomposition rates, and the resulting palladium atoms build
up near the surface since there is not enough time for the precursor concentration
to reach equilibrium inside and outside of the polymer matrix—the surface of the
polymer possesses higher precursor concentration than the bulk. Therefore, a dense
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Figure 3.8: TEM images of near surface region of Pd-PFA processed at (a) 240 ◦C
for 2 hours and (b) 220◦C for 2 hours.
layer of particles is formed near surface when the processing temperature is relatively
high. In addition, the subsurface layer of the Pd particles are formed at the early
stage of the decomposition process, and this dense layer of particles obstructs further
diffusion of precursor molecules (that have not yet decomposed) into the polymer
matrix and consequently relatively small particles are formed in the bulk.
3.4 Conclusion
The formation of palladium nanoparticles in PFA using thermal decomposition
of organometallic precursor molecules dispersed inside of a PFA matrix was stud-
ied. Detailed TEM studies indicated that the nucleation and growth of palladium
nanoparticles in the PFA matrix depended strongly on the processing temperature
and the structural characteristics of the polymer matrix. Heterogeneous nucleation
of palladium nanoparticles on polymer defects was considered, and it was correlated
to the free volume of the polymer matrix. Predictions were in quantitative agreement
53
3.4. CONCLUSION
with experiment suggesting that nucleation occurs preferentially in the defect/free
volume of the polymer matrix. A simple relation between the mean free volume
fraction of the polymer and the average particle size was derived. The temporal evo-
lution of the particle radius was interpreted using a modified diffusion-limited growth
model. In addition, a four-stage particle growth process was illustrated, which can
be summarized as (1) fast growth, (2) crystallization, (3) aggregative growth, and (4)
stabilization by steric hindrance. The growth duration of each stage can be shortened
by processing at elevated temperatures, and the average particle size increases with
temperature. However, when the synthesis temperature is sufficiently high, near-
surface percolation of nanoparticles occurs because of high precursor decomposition
and diffusion rates. The results obtained here demonstrate that the fundamental
limitations of growing nanoparticles in a solid polymer matrix are the processing
temperature and the morphology of the polymer matrix. By carefully adjusting the
processing temperature, not only monodisperse nanoparticles can be obtained but
surface-loaded nanocomposites can also be synthesized. More importantly, it is pos-
sible to manipulate the nanoparticle size and spatial distributions by varying the free
volume of the polymer matrix.
54
Chapter 4
CW Laser-induced Precursor Decomposition for
Palladium Nanoparticle Modification in
Polymer Matrix Nanocomposites
4.1 Introduction
The chemical infusion method involving precursor diffusion, precursor decompo-
sition, as well as particle formation were investigated in detail in the previous two
chapters. While this processing method has the potential to produce functional poly-
mer matrix nanocomposites in a scalable way, it cannot actively control the size,
number density, composition, and location of the nanoparticles. Forming nanoparti-
cles at selective locations in a polymer matrix can be achieved using optical methods.
In many cases, optical excitation is performed using either a continuous wave (CW)




The CW laser irradiation has advantages over pulsed laser irradiation since it pre-
cludes the involvement of multi-photon absorption, and a purely photothermal process
can be usually singled out. A few studies have reported on production and modifica-
tion of metal nanoparticles using CW laser irradiation. In particular, Bagratashvili
et al. synthesized silver-polymer matrix nanocomposites by decomposition of sil-
ver precursors in fluoropolymer films using a 532 nm CW laser. However, various
photosensitizers were used to increase the optical interactions [123]. In the case of
nanoparticle modification, Setoura et al. demonstrated CW-laser-induced morpho-
logical changes of a single gold nanoparticle, and they contributed the morphological
changes to photothermal surface evaporation [124]. Hubenthal et al. applied a similar
approach to alter the axial ratio of gold and silver nanoparticles using intense CW
laser irradiation [125]. In both of these studies, modification of nanoparticles was
achieved by illuminating the nanoparticles with light that corresponds to its localized
surface plasma resonance (LSPR) which results in an increase in particle temperature
and the subsequent surface evaporation. This type of modification is limited to parti-
cle size reduction, and results were only demonstrated on a glass or quartz substrate.
To the best of our knowledge, in situ processing of nanoparticles in a polymer matrix
by use of a CW laser has not been reported before.
In this chapter, in situ modification of palladium nanoparticles in fluoropolymers
using the chemical infusion method along with CW laser irradiation is presented.
Specifically, palladium nanoparticles were synthesized using the chemical infusion
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method, and these nanoparticles served as seed nanoparticles. To modify the size and
number density of the palladium nanoparticles at selective locations, an additional
infusion of palladium precursor was performed, followed by CW laser irradiation.
During the laser exposure, various background temperatures were applied in order to
explore the particle modification processes. The changes of particle size and num-
ber density were examined using transmission electron microscopy, and results were
interpreted by considering the roles of precursor photolysis, photothermal particle
heating, and photocatalytic interactions. In particular, temperature rises resulting
from optical absorption of the palladium nanoparticles were calculated and were used
as criteria for identifying the main photo-induced mechanism.
4.2 Optical heating of nanoparticles
4.2.1 Background
A system with spherical symmetry consisting of a palladium nanoparticle of ra-
dius R enclosed in a PFA matrix is considered. The nanoparticle is photothermally
excited, and the optical energy deposition is assumed to be uniform throughout the
nanoparticle since the optical penetration depth in palladium is relatively large com-
pared to the nanoparticle size. For the particle-matrix system under consideration,
the classical thermal diffusion models can be used to describe the heating of the par-
ticle and the thermal diffusion into the polymer matrix. In particular, two differential
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equations can be used to describe the thermal diffusion in the polymer matrix as well
as in the particle, and two boundary conditions at the particle/polymer interface can
be applied to specify the continuity of temperature and conductive heat flux. These




































where ρ, cv, and k are the material density, specific heat capacity, and thermal conduc-
tivity, respectively. The subscript m and p refer to matrix and particle, respectively.
All the material parameters are assumed to remain constant since extreme thermody-
namic conditions are not considered. Temperature, time, radial distance from particle
center, and heat source power density are represented by T , t, r, and S, respectively.
In addition, the whole material system has a uniform initial temperature distribution
such that Tp = Tm when t = 0.
4.2.2 CW laser illumination
4.2.2.1 Single nanoparticle heating
A CW laser light source at an angular frequency ω = 2πc/λ0 = kc is used, where
c is the speed of light, λ is laser wavelength, and k is angular wavenumber. When the
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laser light penetrates the polymer matrix, the speed of light in the material changes
because the refractive index of the polymer matrix (nm) is different than that of air.
The wavenumber (or wavelength) experienced by the nanoparticle should be modified
such that kp = 2π/λp = nm/k. At the very beginning of CW laser particle heating,
the transient temperature profile of the nanoparticle is very different than that of the
surrounding polymer matrix since the thermal diffusivity of the nanoparticle is much
higher than that of the polymer matrix—the thermalization inside the nanoparticle
occurs much faster. Consequently, the establishment of the steady-state temperature
profile of the particle-matrix system can be considered to be governed by the time
scale associated to the evolution of the temperature profile in the polymer matrix.
The characteristic time of the transient heating process can be approximated by
τnano = R
2/Dm, where Dm is the thermal diffusivity of the surrounding matrix.
After the transient period, a steady state temperature profile is reached for CW laser
particle heating since the absorbed heat will be balanced by heat dissipation to the
polymer matrix. In the steady state regime, the two differential equations in Eq.
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(4.2)
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(4.3)
where σabs is the absorption cross section and I is laser intensity. It should be noted
that the interface resistivity at the particle/polymer interface is assumed to be 0
in Eq. (4.3). The presence of interface resistivity requires modification of boundary
condition (continuity of temperature), and the direct consequence of this modification
is temperature drop/discontinuity at the interface boundary [126]. This scenario is not
considered since the temperature of the polymer in direct contact with the surface of
the nanoparticle should be the same temperature as the nanoparticle in steady state.
Furthermore, since the thermal conductivity of the metallic particle is much higher
than the polymer matrix (i.e. κm/κp ≈ 0), the temperature is essentially uniform





4.2.2.2 Multiple particles heating
Under CW laser irradiation, a large number of dispersed nanoparticles can pro-
duce a significant global temperature rise owing to the overlap of numerous temper-
ature fields. For an ensemble of nanoparticles, two additional time scales must be
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considered: (1) the time needed for the temperature fields from neighboring parti-
cles to overlap, which can be approximated as τ0 = ∆
2/Dm where ∆ is the average
particle-particle separation; (2) the time scale for heat diffusion across the entire
material volume that contains the heated nanoparticles, which can be expressed by
τglobal = L
2
H/Dm where LH is the spatial extent of the heated region.
The global temperature rise can be estimated by considering the nanoparticles
as homogeneous heat sources distributed throughout the heated region. Under this
condition, superposition of the thermal fields from the heated nanoparticles leads to







where Np is the particle number concentration.
4.3 Experimental Methods
4.3.1 Materials, thermal processing, and characterization
Palladium nanocomposites were produced using palladium(II) acetylacetonate
(Pd(acac)2; 99% Pd; Sigma-Aldrich) as a precursor for synthesis of palladium nanopar-
ticles in a [tetrafluoroethylene-co-(perfluoropropyl vinyl ether)] (PFA; CS Hyde) ma-
trix. Palladium nanocomposites, Pd-PFA, were synthesized using the chemical infu-
sion technique [21]. The synthesis process was started by placing a 50 × 50 × 0.127
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mm3 PFA film in a glass reaction vessel (1 L) along with ∼10 mg of Pd(acac)2 powder
dispersed around the inner wall of the vessel. The reaction vessel was evacuated to
∼160 mTorr in order to remove air from the vessel as well as volatiles from the PFA
matrix. The sublimation/vaporization temperature and decomposition temperature
were approximately 413 K and 473 K, respectively. The reaction vessel was trans-
ferred to an oven and heated to 413 K for 2 hours to sublime/vaporize the precursor
and allow the precursor to diffuse into the polymer. The temperature of the oven was
then raised to 473 K and held for 2 hours to induce precursor decomposition followed
by nanoparticle formation.
Figure 4.1: Optical transmission spectra for Pd-PFA and the as-received PFA ma-
trix. The inset shows an optical image of Pd-PFA.
Optical transmission spectra shown in Fig. 4.1 for PFA and Pd-PFA were taken
using a PerkinElmer Lamda 950UV/Vis spectrophotometer for wavelengths between
250 to 800 nm. While the as-received PFA transmits well throughout the visible re-
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gion, the presence of palladium particles produces strong absorption in the ultraviolet
(UV) region and a broad absorption in the visible region. The Pd-PFA exhibits a ho-
mogeneous light brown color (inset image) suggesting that the particles are uniformly
distributed. To verify the distribution and the presence of palladium nanoparticles,
cross sections for transmission electron microscopy (TEM) imaging and energy dis-
persive X-ray spectroscopy (EDS) analysis were prepared using room-temperature
diamond microtome methods. These sections were mounted on copper grids and im-
aged on a 100 kV FEI Tecnai 12 transmission electron microscope, and an Oxford
EDS detector was used for the elemental analysis. Figure 4.2 (a) shows a represen-
tative TEM image of Pd-PFA. Discrete nanoparticles having average radius 1.6 nm
are distributed throughout the bulk of the PFA film. Figure 4.2 (b) shows an EDS
spectrum, and a relatively small amount of palladium is present, which is consistent
with the estimated value of volume percentage of palladium (< 0.05%). The carbon,
oxygen, and fluorine peaks come from the PFA matrix.
Figure 4.2: (a)Representative transmission electron micrographs of Pd-PFA. (b)
Energy dispersive X-ray spectroscopy analysis for Pd-PFA.
A second infusion process was performed by heating a vacuum reaction vessel
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Figure 4.3: Optical transmission spectra for Pa(acac)2-Pd-PFA and Pa(acac)2. The
inset shows an optical image of Pa(acac)2-Pd-PFA.
that contained Pd-PFA as well as ∼10 mg of Pd(acac)2 at the precursor vaporization
temperature for two hours. The resulting material is designated as Pd(acac)2-Pd-
PFA. Figure 4.3 shows the optical transmission spectra for Pd(acac)2-Pd-PFA and
Pd(acac)2. Based on the homogeneous color of the film shown in the inset of Fig. 4.3,
Pd(acac)2 is believed to be distributed uniformly in the film. The absorption spectra
of Pd(acac)2-Pd-PFA and Pd-PFA are similar. However, the color of the Pd(acac)2-
Pd-PFA film did appear to be slightly darker than Pd-PFA. This slight darkening
is most likely caused by the palladium chemical precursor since it absorbs well near
the ultraviolet region and no darkening was found for Pd-PFA in the same processing
environment (without the presence of the chemical precursor). The Pd(acac)2-Pd-
PFA film was used as the starting material for CW laser processing.
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4.3.2 CW laser processing and characterization
Choosing an appropriate laser light source is an important step for optical pro-
cessing. In general, the characteristics of the excitation laser (i.e. wavelength) should
be chosen to provide direct interaction with the particles or the precursor. The pal-
ladium precursor has a strong absorption below 350 nm (Fig. 4.3), and the LSPR
of palladium nanoparticles is also located in the deep ultraviolet region [128]. How-
ever, ultraviolet laser light source was not chosen since UV lasers could result in
photodegradation of fluoropolymers [129, 130]. Fortunately, palladium nanoparticles
exhibit moderate absorption in the visible region (Fig. 4.1).
In this study, a 532 nm CW laser (Coherent DPSS) was used, and the average
intensity of the laser beam was 1.59 × 104 W/m2. A few controlled experiments were
done on Pd-PFA in order to identify the proper processing conditions. In particular,
Pd-PFA was treated with the laser in air and in vacuum (∼160 mTorr). After about
2 seconds of illumination at room temperature, a shallow deformation on the surface
Figure 4.4: Optical micrographs of Pd-PFA after 2 seconds of 500 mW 532 nm CW
laser irradiation: (a) in air and (b) in vacuum.
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(dent) was found on the illuminated region when Pd-PFA was placed in air, and
an ablated hole was observed when the film was put in an evacuated glass vessel.
While the surface of the dent region appears to be protruded along surface scratches
(Fig. 4.4 (a)), the ablated region consists of a circular hole approximately 250 µm in
diameter. It should be noted that the as-received PFA did not exhibit any physical
damage when the same laser irradiation conditions were used. The deformation and
degradation of the polymer matrix likely involve polymeric bond scission as well as
photooxidation when irradiating in air [131,132]. In order to avoid photodegradation
of the polymer matrix, the laser beam size was expanded so that the average intensity
was lowered to 307 W/cm2. The resulting beam did not induce any physical change
to the Pd-PFA.
Laser processing of Pd(acac)2-Pd-PFA was performed in vacuum to avoid photo-
oxidation. In a typical experiment, synthesis began by placing the sample in a glass
Figure 4.5: An optical image of Pd(acac)2-Pd-PFA showing a small dark spot after
20 minutes of CW laser irradiation at room temperature. A representative TEM
image shows the distribution of palladium nanoparticles at the laser-processed region.
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reaction vessel. The vessel was evacuated to 160 mTorr. The CW laser beam was then
directed to the Pd(acac)2-Pd-PFA material. After more than 20 minutes of exposure
at room temperature, a small dark spot appeared. Figure 4.5 shows an optical image
of the laser-processed material as well as a TEM image of the laser-processed region.
This darkening is related to the change of optical cross section of the nanoparticles;
the size and the number density of the nanoparticles increase as a result of precur-
sor decomposition. In order to accelerate the process, the background temperature
was increased by placing the reaction vessel in a custom-made oven equipped with
an optical window that allowed for laser processing. Increasing the background tem-
perature would accelerate the precursor decomposition and the particle modification
processes since polymer chain mobility as well as precursor diffusivity increase with
temperature [103]—the time needed for the precursor molecules to diffuse to the pre-
cursor depletion zone would be reduced [76]. Figure 4.6 (a) shows an optical image
of Pd(acac)2-Pd-PFA after laser exposure at background temperature 353 K. When
the exposure time exceeded 2 minutes, a small dark spot started to appear. As
the processing time increased, the size of the dark spot increased. Representative
TEM micrographs are presented for the corresponding dark regions in Fig. 4.6 (a).
Both particle size and particle number density increased with the processing time.
When the exposure duration was 2, 5, and 10 minutes, the average particle radius
was approximately 1.6, 2.0, and 2.9 nm, respectively. Although a majority of the
nanoparticles were isolated, there were a few regions where the particles seemingly
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Figure 4.6: Optical images of Pd(acac)2-Pd-PFA showing dark spots after 2, 5, and
10 minutes of CW laser irradiation at background temperature (a) 353 K and (b) 433
K. Representative TEM images show the distribution of palladium nanoparticles at
their corresponding locations.
grew into each other. When the background temperature was increased to 433 K,
the dark spots on the optical images appeared to be roughly twice as big as those
processed at 353 K for each laser duration (Fig. 4.6 (b)). While the TEM images
also show that the particle size and number density increased as the irradiation time
increased, processing at 433 K exhibited faster particle formation and growth rates
than at 353 K. At background temperature 433 K, the average particle radius was
approximately 2.1, 2.7, and 2.9 nm when the exposure time was 2, 5, and 10 minutes,
respectively. In addition, string-like nanostructures were more noticeable in materials





The mechanism for precursor decomposition is important since the changes of
particle size and particle number density (Fig. 4.2 versus Fig. 4.5 and 4.6) are
directly related to it. All the possible photo-induced chemical reactions should be
considered, and they include: (1) direct photolysis of the precursor; (2) photothermal
heating of the seed nanoparticles driving decomposition of nearby precursor; (3) pho-
tocatalytic precursor decomposition; (4) photocatalytic interactions with the polymer
matrix producing reactive radicals that induce precursor decomposition. Although
direct photolysis of precursor is unlikely based on the absorption characteristics of
Pd(acac)2 at the laser wavelength (Fig. 4.3), this photo-induced interaction should
be examined since various metal precursors are photosensitive and no studies have
been reported on the photolysis of Pd(acac)2. In particular, laser irradiation was
performed on PFA matrix containing only Pd(acac)2—this material was made by
heating an as-received PFA and 10 mg of Pd(acac)2 in vacuum at 413 K for 2 hours.
The transmission characteristics of the irradiated region remained unchanged after
extended exposure. This result together with results obtained in Fig. 4.5 and 4.6
indicate that precursor decomposition is not caused by photolysis but some type
of particle-mediated reactions. Identifying the main particle-mediated mechanism
for precursor decomposition (photothermal versus photocatalytic reactions) could be
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challenging. However, in the following, we will present model results for temperature
rises via photothermal particle heating in Pd-PFA and compare them to the decom-
position temperature of Pd(acac)2. The role of photocatalytic reactions for precursor
decomposition will also be considered.
4.4.2 Photothermal particle heating
For the precursor-particle-matrix system considered here, the thermal excitation
of the precursor follows the matrix temperature. The particle (and its surrounding
matrix) temperature rise resulting from the CW laser heating can be estimated using
Eq. (4.4). In order to use this equation, the particle absorption cross section σabs has
to be determined beforehand. For very small spherical nanoparticles (R < 15 nm),
the optical absorption cross section can be approximated as follows [133,134]:








where ϵp and ϵm are relative permittivity of the particle and the matrix, respectively.
Using the values provided in Table 4.1, the absorption cross section was calculated
to be 4.97× 10−19 m2. In addition to the theoretical approximation, the absorption
cross section can also be determined based on the absorbance spectroscopy results in
Fig. 4.1. Assuming the scattering cross section is 0 (an appropriate assumption for
very small nanoparticles), the absorption cross section of the nanoparticles can be
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Table 4.1: Material Constants of PFA Matrix [3, 4] as well as Palladium [5] and
Specification for Laser Intensity and Wavenumber
ϵp ϵm κm (W/(m*K)) nm Dm (m
2/s) kp (1/m) I (W/m
2)
-6.89 + 7.62 i 1.82 0.195 1.35 7.70 × 10−8 1.59 × 107 1.43 × 103





where A is the absorbance, N is the number concentration of nanoparticles, and L
is the pathlength or thickness of the material. Considering A = 0.66 (obtained from
Fig. 4.1), L = 0.0127 cm (thickness of the nanocomposites), and N = 1.75 × 1016
cm−3 (an average value based on the TEM analysis), the absorption cross section was
calculated to be 6.84× 10−19 m2, which is very similar to the theoretical estimate
based on Eq. (4.6). The theoretical and experimental values of the absorption cross
section were averaged, and this value was used for calculation of temperature increase
resulting from the photo-excited particle.
According to Eq. (4.4), a 1.6 nm palladium nanoparticle in a PFA matrix is ex-
pected to have an increase in temperature of only 4.9 × 10−8 K, and the time needed
to heat the particle surface to the steady state temperature is less than 50 ps (τnano).
Even though the temperature rise for a single nanoparticle is negligible, the temper-
ature rise of a system containing a large number of nanoparticles in close proximity
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could be greatly enhanced. For this material system, the palladium nanoparticles are
rather uniformly dispersed, so the mean inter-particle distance can be estimated by
performing Voronoi tessellation on the TEM micrographs and then equating the area
of each Voronoi polygon to a circular region followed by averaging of the radii—the
average distance among palladium nanoparticles ∆ is ∼23 nm. Based on this approx-
imation, it takes less than 10 ns (τ0) for the temperature fields to reach the surfaces
of the neighboring nanoparticles, and the temperature of the heated region will start
to increase subsequently.
At later times, the global temperature rise dominates the total temperature change,
and the final steady state is reached in a few tens of seconds. According to Eq. (4.5)
and taking LH = 4 mm (radius of the heated region), the steady-state, global tem-
perature rise in the nanocomposite in the irradiated region is ∼130 K. In the cases
when the background temperatures were set to 433 and 353 K, the heated region are
expected to have temperatures as high as 563 and 483 K, respectively. While these
temperatures are not high enough to deteriorate the PFA matrix, they can readily
decompose the palladium precursor since its decomposition temperature is above 453
K [39,40]. When the precursor decomposition is driven by thermal activation, the de-
composition rate depends on the probability for thermal decomposition of palladium
precursor [136]. Higher temperature generally yields higher precursor decomposition
rate. As a result, faster particle formation can be expected at higher processing
temperature. This is supported by the optical as well as the TEM images in Fig.
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4.6, where new particle formation and particle growth occurred noticeably faster at
background temperature 433 K than at 353 K. It should be noted that, based on the
global temperature calculation, the ablation of Pd-PFA in Fig. 4.4 (b) is caused by
photothermal particle heating. The laser beam used in the controlled experiments
was ∼50 times more intense than the one used for Pd(acac)2-Pd-PFA (1.59 × 104
versus 307 W/m2). According to Eq. (4.5) and having LH = 1.1 mm, this intense
laser beam can induce a steady-state temperature rise above 500 K in the irradiated
region, which can easily decompose the PFA matrix.
In the case when the background temperature was at room temperature, the ir-
radiated region is expected to have a temperature of 428 K. While this temperature
is not high enough to thermally decompose the palladium precursor [39], CW laser-
induced darkening of Pd(acac)2-Pd-PFA was observed (Fig. 4.5). As a result, it is
unlikely that precursor decomposition is a purely thermal process when the back-
ground temperature is relatively low.
4.4.3 Photocatalytic processes
Palladium is a well-known catalyst for a great number of chemical reactions
[137–141], and its photocatalytic behaviors have been demonstrated in various stud-
ies, which showed significantly higher reaction rates when conducted under illumina-
tion than in dark conditions [142, 143]. The proposed mechanism for photocatalytic
reactions consists of a series of electron excitation and electron transfer processes.
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Specifically, the absorption of visible light and UV light by palladium nanoparticles
can excite electron interband transitions, and these light-excited electrons at the sur-
face of the nanoparticles can then transfer to species adsorbed on the nanoparticles.
This type of electron transfer can weaken the chemical bonds of the adsorbed species
and hence facilitate the activation of chemical reactions. At elevated background tem-
peratures and/or high irradiation intensities (such as the processing conditions used
in this study), a large number of electrons can populate the upper energy levels of the
palladium nanoparticles. Electron transfer and hence photocatalytic reactions can be
readily achieved if the reactant Pd(acac)2 molecules are physically attached to the
seed palladium nanoparticles. The growth of the nanoparticles should be limited by
the diffusion of chemical precursor onto the surface of the seed nanoparticles. Conse-
quently, the photocatalytic reaction rate should be faster at higher temperature since
mass diffusion coefficient has a temperature dependence. In addition, the precursor
diffusivity depends on the structure of the polymer matrix [103]. The glass transi-
tion temperature (Tg) of the PFA matrix is ∼363 K [3]. Above this temperature,
the polymer chain mobility is sufficiently high to facilitate the diffusion of precursor;
below Tg, diffusion of the precursor molecules is likely hindered by the rigid polymer
chains. This is supported by comparing the processing times needed to see changes
in materials at different background temperatures.
While the average particle size increases with the processing time (Fig. 4.6), the
particle number density increases as well. At high background temperatures (433
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K and 353 K), the formation of additional particles could be attributed to thermal
decomposition of precursor followed by particle nucleation and growth. At a low back-
ground temperature (room temperature), neither photothermal particle heating nor
photocatalytic precursor decomposition could explain the increase in particle num-
ber density. One possible interpretation is that photocatalytic reactions also occur
between the photo-excited palladium nanoparticles and the PFA matrix. It is well-
known that deep UV light with high photon flux can induce chain scission reactions
and defluorination of the backbone of fluoropolymers [131]. While the laser light
source used in this study is not capable of direct photolysis of the polymer, it is
possible that photocatalytic interactions occur between the palladium nanoparticles
and the surrounding PFA matrix producing active intermediates such as CFx and F
radicals [144]. These radicals could react with the precursor molecules resulting in for-
mation of palladium atoms. In addition, the regions where the polymer bonds/chains
break could serve as heterogeneous nucleation sites for nanoparticle formation [136].
This hypothesis suggests that nanoparticles would tend to form close among each
other as the processing time increases since the length scale of the photocatalytic
reaction zone is likely in the range of nanometers or less. An ensemble of particles




Three particle-mediated, precursor decomposition mechanisms have been pro-
posed based on the sizes and geometries of nanoparticles obtained from the TEM
micrographs as well as calculations of CW-laser induced temperature rises near par-
ticles. All three mechanisms likely facilitate the precursor decomposition processes.
However, at high background temperatures, precursor decomposition is dominated by
thermal activation. At low background temperatures, photocatalytic reactions would
most likely dominate initially, but as the average particle size and particle number
density increase, photothermal particle heating would become the primary contribu-
tor to precursor decomposition. For example, if the average particle size is 2 nm and
the particle number concentration is 2.0 × 1016 cm−3, the steady-state temperature
rise in the illuminated region would be ∼200 K. It is difficult to measure the exact
contribution of the proposed mechanisms to the overall precursor decomposition and
particle modification processes. However, we have identified the dominating mecha-
nisms under various processing environments and also described the limiting factors
for each of the mechanisms. For photothermal particle heating and photocatalytic
precursor decomposition, the growth of palladium nanoparticles is limited by the ther-
mal decomposition probability of palladium precursor and the diffusion of palladium
precursor, respectively; for photocatalytic interactions with the polymer matrix, pre-
cursor decomposition would depend on the likelihood of producing reactive radicals
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and the probability of radicals encountering the precursor molecules.
The increased size of palladium nanoparticles for materials photoprocessed for in-
creasing times suggests that the surface of the palladium particles remain accessible
to palladium atoms and palladium precursor. The increased particle number con-
centration for increased processing time indicates that additional nucleation sites are
available in the polymer matrix. Furthermore, the particle size differences between
the seed nanoparticles and the newly formed nanoparticles are minimal suggesting
that the growth of nanoparticles slows down as they become bigger, and this is likely
caused by the steric effect among the fluoroalkyl chains in the PFA matrix—the
repulsion among chains prevents particles from growing beyond the nanometric size.
4.6 Conclusion
This work has reported the modification of nanoparticles in polymer matrix nanocom-
posites containing palladium nanoparticles and palladium precursor using continuous
wave laser excitation. Optical excitation of the seed palladium nanoparticles resulted
in decomposition of palladium precursor and subsequent growth of seed nanoparti-
cles as well as formation of additional palladium nanoparticles. Transmission elec-
tron micrographs show that both nanoparticle size and particle number concentra-
tion increase as the processing time increases, and string-like nanostructures can be
found within the polymer matrix after extended laser exposure. Temperature rises in
the irradiated regions were approximated, and results indicate that the temperature
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increase can facilitate the precursor diffusion and precursor decomposition. Pho-
tocatalytic processes were also considered, and we believe that photothermal and
photocatlytic reactions all contribute to palladium precursor decomposition and sub-
sequent particle formation as well as particle modification. However, we conclude
that the thermal decomposition processes dominate at high temperatures, while the
catalytic processes dominate initially at low temperatures. The processing approach
here demonstrates that it is possible to modify the size, number density, and shape
of nanoparticles in situ inside the polymer matrix using a continuous wave laser
light source. By regulating the irradiation period, intensity, and spot size, interesting





Palladium Precursor Decomposition in
Tungsten Oxide Polymer Matrix Nanocomposites
5.1 Introduction
In the previous chapter, we demonstrated a CW laser processing method that
allowed us to control the particle size and particle number density spatially via pho-
tothermal particle heating. In this chapter, the same processing approach is applied,
but a femtosecond pulsed laser is used as the photo-activation source for in situ par-
ticle modification of polymer matrix nanocomposites. Pulsed laser processing has
the potential to create highly localized heating since a large amount of energy can
be provided to a material system in a short amount of time. If the duration of the
optical pulse is shorter than the time needed for heat to diffuse the distance of the
average inter-particle spacing, the temperature fields from surrounding particles will
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not overlap significantly and the temperature fields will be localized to the close vicin-
ity of the particle. In addition, pulsed laser processing can often trigger nonlinear
optical responses that could facilitate the particle modification processes.
Numerous studies have shown that pulsed lasers can be used to synthesize nanopar-
ticles at selective locations in a polymer matrix. Fragouli et al. grew cadmium sulfide
nanocrystals in a polymer matrix by diffusing cadmium sulfide chemical precursor
into a polymer and subsequently decomposing the precursor by laser photolysis using
a nanosecond pulsed ultraviolet laser [145]. A similar approach was used by Watanabe
et al. to synthesize gold and iron-platinum alloy nanoparticles in polyvinylpyrroli-
done [146]. Femtosecond pulsed laser irradiation has also been used to selectively
grow silver [147] and lead sulfide [148] nanoparticles in polymer matrices by multi-
photon processes. Unfortunately, these photo-induced unimolecular decomposition
and photoreduction reactions provide little control over particle size, and large nano-
sized particles as well as aggregation of nanoparticles are often produced. Previous
studies have demonstrated a method to modify the composition of nanoparticles lo-
cally. In these studies, multi-component nanoparticles were synthesized by combining
the chemical infusion method with femtosecond laser irradiation to decompose the
chemical precursors near the seed nanoparticles in fluoropolymers [1, 76]. While the
combination of chemical infusion and femtosecond laser processing allows for a high
degree of control of particle composition and location, modification of nanoparticles
could only be achieved at high processing (background) temperatures (∼400 K).
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In situ particle composition modification in silicone matrices using the chemical
infusion method along with femtosecond pulsed laser irradiation at room temperature
is demonstrated here. In particular, the silicone matrix nanocomposites containing
tungsten oxide particles along with a palladium precursor were synthesized using the
chemical infusion method. These nanocomposites were photo-excited using femtosec-
ond laser pulses to decompose the palladium precursor in the near-particle environ-
ment. Temperature increases resulting from the femtosecond-pulsed optical heating
of tungsten oxide nanoparticles were modeled and used to determine the likelihood
of thermal decomposition of palladium precursor. Photocatalytic processes were also
considered since tungsten oxide is a well-known photocatalyst. The nanocomposites
were examined using transmission electron microscopy as well as energy-dispersive
X-ray spectroscopy to provide additional insights related to this processing method.
5.2 Experimental Methods
5.2.1 Materials, thermal processing, and characterization
The tungsten oxide nanocomposites were produced using tungsten hexacarbonyl
(W(CO)6; 97%; Sigma-Aldrich) as a precursor for synthesis of tungsten oxide par-
ticles in a high-temperature silicone rubber (McMaster-Carr Supply) matrix. This
silicone matrix is optically transparent and has good thermal stability for tempera-
tures up to 490 K. Tungsten hexacarbonyl was used as the precursor because it has a
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low decomposition temperature and has been used extensively for study of chemical
deposition [149,150].
Tungsten oxide nanocomposites (designated as WO3-Silicone) were synthesized
using the chemical infusion technique [21]. The synthesis was begun by placing a 100
× 60 × 0.5 mm3 silicone rubber sheet in a glass reaction vessel along with ∼200 mg
of W(CO)6 powder dispersed around the inner wall of the vessel. The reaction vessel
was evacuated to ∼160 mTorr in order to remove air from the vessel as well as volatiles
from the silicone matrix. The sublimation/vaporization temperature and decompo-
sition temperature of tungsten hexacarbonyl were approximately 403 K and 453 K,
respectively. The reaction vessel was heated to 403 K for 2 hours to sublime/vaporize
the precursor and allow the precursor to diffuse into the polymer, and the tempera-
ture was then raised to 453 K and held for 3 hours to induce precursor decomposition
and permit particle formation. These processing steps were repeated three times in
order to increase tungsten oxide content. The volume percentage of tungsten ox-
ide was roughly 0.5% after 3 infusion cycles. Cross sections of WO3-silicone were
prepared using room-temperature diamond microtome methods. These sections were




Figure 5.1: (a) Optical absorption spectra for Pd(acac)2-WO3-silicone, WO3-
silicone, and silicone. The inset shows optical images of Pd(acac)2-WO3-silicone and
WO3-silicone. (b) Band gap of the WO3-silicone nanocomposite is determined using
the Tauc method.
The infusion of palladium precursor was performed by heating a 10 × 10 × 0.5
mm3 WO3-silicone and ∼2 mg of Pd(acac)2 in vacuum at the palladium precursor
vaporization temperature (∼413 K) for one hour. The resulting material is designated
as Pd(acac)2-WO3-silicone. Figure 5.1 (a) shows the optical absorption spectra for
Pd(acac)2-WO3-silicone, WO3-silicone, and silicone for wavelengths between 350 to
800 nm. While the as-received silicone rubber transmits moderately well throughout
the visible region, the presence of tungsten oxide particles produces additional absorp-
tion in the ultraviolet (UV) and the near infrared (IR) regions causing the material
appears to be slight blue (inset image). The blue color indicates that the tungsten
oxide is partially reduced since fully oxidized tungsten oxide is relatively transpar-
ent in the visible region [151]. The band gap of the WO3-silicone nanocomposite
was determined to be ∼3.2 eV using the Tauc method [152], as shown in Fig. 5.1
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(b). After the infusion of Pd(acac)2, the Pd(acac)2-WO3-silicone sample appeared to
have strong absorption in the UV region, and the material became light brown. This
change of color comes from the infusion of the Pd(acac)2 chemical precursor since no
change in color was found for WO3-silicone under the same processing environment.
The Pd(acac)2-WO3-silicone sample was taken out of the reaction vessel and cleaned
with soap and water. The resulting material was used as the starting material for
femtosecond pulsed laser processing.
5.2.2 Pulsed laser processing and characterization
A Ti:sapphire laser (Spectra-Physics Tsunami) operating at the wavelength of
800 nm was used for the optical processing. This wavelength was chosen in order to
avoid direct photolysis of the palladium precursor—the palladium precursor does not
absorb at 800 nm (Fig. 5.1). The laser pulse duration was approximately 100 fs. The
pulse repetition rate was 80 MHz, and the pulse fluence was approximately 6 nJ/cm2
yielding an average photon flux of 480 mW/cm2. The Pd(acac)2-WO3-silicone sample
was placed in an evacuated glass vessel (∼160 mTorr), and the sample was irradiated
with femtosecond laser pulses at room temperature. The irradiated region turned dark
brown after less than three seconds of optical processing indicating significant changes
to the material. It should be noted that the irradiated region was damaged and a
small hole appeared in the center of the irradiated spot when the optical processing
time exceeded three seconds. Similar damage was found on the WO3-silicone sample.
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However, when the silicone rubber was infused with Pd(acac)2 precursor only and the
same optical processing conditions were used, there were neither physical nor optical
changes to the material.
Since a small amount of palladium precursor was used during the infusion process,
verification of the presence of palladium could be challenging. For this reason, imag-
ing and elemental analysis were performed on the irradiated region using scanning
transmission electron microscopy (STEM) and energy dispersive X-ray spectroscopy
(EDS) allowing high spatial resolution and signal-to-noise ratio. High-angle annular
dark-field (HAADF) imaging and EDS analysis were carried out using a 300 kV FEI
Tecnai TF-30 transmission electron microscope equipped with a HAADF detector as
well as an Oxford EDS detector. The sample drift was minimized by correcting for
drift during data acquisition.
5.3 Results and discussion
5.3.1 Particle characterization
Figure 5.2 shows a representative transmission electron microscopy image of WO3-
silicone. Large numbers of spherical and ellipsoid-like tungsten oxide particles were
observed throughout the bulk of the silicone matrix. The ellipsoidal particles were rel-
atively large compared to the spherical particles. However, the sizes of the ellipsoidal
particles vary considerably—the semi-major axes of the ellipsoidal particles range
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Figure 5.2: A representative transmission electron micrograph of WO3-silicone.
from 5 to 600 nm. In contrast, the radii of the spherical particles are sized between
5 and 60 nm. These vast differences in particle size and shape are most likely caused
by the structure of the silicone matrix [103]. Since the glass transition temperature of
the silicone matrix is rather low (∼153 K), the mobility of the polymer chain is high
even at room temperature. As a result, the tungsten oxide nanoparticles can move
accordingly, and they tend to agglomerate and form larger nanostructures to reduce
surface area and surface energy.
Figure 5.3 (b) shows a representative STEM image of the cross section of the
irradiated region (dark-brown point in (a)) . Both spherical and ellipsoidal particles
are still present in the irradiated region, and the particle spatial and size distributions
are similar to that of the WO3-silicone. Figure 5.3 (c) shows the corresponding EDS
spectrum, and the results indicate the presence of palladium, tungsten, and oxygen.
The silicon peak resulting from the silicone matrix is also displayed, but unfortunately,
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Figure 5.3: (a) Optical images of Pd(acac)2-WO3-silicone showing a dark spot after
less than three seconds of femtosecond pulsed laser irradiation at room temperature;
(b) representative HAADF-STEM image showing nanoparticles in the irradiated re-
gion; (c) an EDS spectrum showing the detection of palladium, tungsten, and oxygen
in the irradiated region.
it overlaps with one of the tungsten peaks. The detection of copper comes from the
TEM copper grid. Although the exact location of palladium is undetermined owing
to image drift induced by charging, the palladium should appear with bright contrast
since it is the heaviest scatterer in this material system. As a result, the relatively
bright spot in Fig. 5.3 (b) (marked with a dotted circle) likely consists of palladium,
and it appears to be located at the tip of the ellipsoid. The palladium peaks in Fig. 5.3
(c) could only be detected in the irradiated region indicating that the decomposition
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of palladium precursor and the subsequent formation of palladium nanostructures are
induced by the femtosecond pulsed laser irradiation.
5.3.2 Photo-induced precursor decomposition mechanism
The mechanism for precursor decomposition is some sort of particle-mediated
interactions since no evidence supports direct laser photolysis of the precursor. Cat-
alytic decomposition of the precursor could be involved since tungsten oxide is a well-
known photocatalyst [153–155], but photothermal particle heating could also lead to
precursor decomposition. To identify the main decomposition mechanism, photother-
mal temperature rises in this system will be calculated in the following sections and
use them to assess the likelihood of a photothermal process.
Based on the TEM analysis, the tungsten oxide-silicone nanocomposites consist
of mainly spherical and ellipsoidal particles. Because of the differences in sizes and
shapes, the photo-induced temperature rises might vary greatly for various particles,
and it could be very challenging to adequately describe the temperature fields for
each particles. To generalize and simplify the problem, photothermal heating of a
spherical particle and an ellipsoidal particle will be considered.
5.3.2.1 Photothermal heating of spherical particle
We consider a system with spherical symmetry consisting of a tungsten oxide
nanoparticle and Pd(acac)2 precursor molecules enclosed in a silicone matrix. The
nanoparticle is assumed to be spherical with radius of 30 nm (an average spherical par-
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Figure 5.4: A representative transmission electron micrograph of a spherical-like
WO3 nanoparticle.
ticle size obtained from TEM analysis). Figure 5.4 shows a representative TEM image
of a spherical-like tungsten oxide nanoparticle. The nanoparticle is photo-excited by a
femtosecond laser pulse. This excitation is a series of energy exchange processes that
include photon-electron interactions, electron-electron scattering, electron-phonon in-
teractions, and phonon-phonon coupling between the particle and the polymer ma-
trix [156–158]. Thermal excitation of the precursor is assumed to follow the matrix
temperature. In addition, the laser pulse is assumed to produce impulse heating of
the entire particle. While this is not entirely accurate considering the photon-electron
interactions, this assumption is acceptable for time scales related to the chemical re-
actions that result. Under these assumptions, the material system can be described
using the classical thermal diffusion theory, which was detailed in the previous chapter
(Chapter 4), and the governing heat diffusion equations can be solved by assuming
an initial particle temperature corresponding to adiabatic heating, Tp0, which is given
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where Φ is the laser pulse fluence, σabs is the absorption cross section of the particle,
cvp is the specific heat capacity of the particle, ρp is the density of the particle, Vp is
the particle volume, H(R) is the Heaviside step function, Rp is the particle radius, and
R is the radial distance from the center of the particle. In order to calculate the initial
particle temperature, the optical absorption cross section of the particle is needed.
For small spherical nanoparticles with radii much smaller than the wavelength of
the incident light but larger than 15 nm, the optical absorption cross section can be







(ϵ1 + 2ϵm)2 + ϵ22
(5.2)
where λ is the laser wavelength, and ϵ1 and ϵ2 are the real and imaginary parts of the
dielectric constant of tungsten oxide, respectively (ϵp in Table Table 5.1). Using Eq.
(5.2) and the values provided in Table 5.1, the absorption cross section is calculated
to be 2.24 × 10−16 m2 for a R = 30 nm spherical tungsten oxide particle.
Table 5.1: Optical Properties of Tungsten Oxide [6] particle as well as Silicone [7]
matrix and Specification for Laser Fluence and wavenumber
ϵp ϵm nm kp (1/m) Φ (nJ/cm
2)
5.73 + 0.86 i 2.3 1.52 1.19 × 107 6
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Calculation of the initial particle temperature is done using the physical property
values provided in Table 5.2. While these values are temperature dependent, the
variations are small for the temperatures of interest. According to Eq. (5.1), the
initial particle temperature resulting from an 800 nm femtosecond laser pulse with
a fluence of 6 nJ/cm2 is expected to be only 4.49 × 10−5 K. However, accumulative
heating could be achieved if the time period between laser pulses is shorter than
the characteristic relaxation time of the particle. As a result, the spatiotemporal
temperature profiles of the material system must be considered.
To construct these temperature profiles, the heat diffusion equation together with
the initial and boundary conditions are solved numerically. Results in Fig. 5.5 display
2-D spatial temperature profiles at selected times after particle irradiation, and Fig.
5.6 shows the temporal temperature profiles for various regions inside and outside of
the particle. It should be noted that the temperatures have been normalized to the
initial particle temperature. These results indicate that only precursor molecules in
the close vicinity of the nanoparticle experience increased temperatures. Since the
laser pulse repetition rate is 80 MHz (pulse separation is 12.5 ns) and, according to
Table 5.2: Physical Property Values of Tungsten Oxide and Silicone
Material ρ (kg/m3) cp (J/(kg*K)) κ (W/(m*K))
WO3 7160 370 1.63
Silicone 1700 1175 1.4
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Fig. 5.6, the residual single pulse temperature rise after this time is 2.2% of the
initial adiabatic temperature rise in the particle. At regions ∼100 nm away from the
particle center, there remains ∼1% of the initial particle temperature before the next
pulse arrives. If the system behaves linearly, the peak temperature of the particle
for the following pulse will be raised accordingly. However, a steady-state maximum
temperature rise for a continuous pulse train will be achieved generally in less than 1
µs. In addition, since the laser pulse width (∼100 fs) is much smaller than the average
time needed for heat to diffuse to the neighboring particles (>10 ns), the temperature
fields do not overlap. Except maybe In some particular regions where the particles
Figure 5.5: Temperature maps showing temperature distribution near a heated
nanoparticle (30 nm radius) for (a) 1 ps, (b) 10 ps, (c) 100 ps, and (d) 10 ns after
particle irradiation. Temperatures have been normalized by the initial adiabatic tem-
perature rise in the particle, approximately 4.49 × 10−5 K for the conditions assumed
in this work.
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Figure 5.6: Temperature as a function of time for regions 5 nm, 32 nm, 45 nm, 70
nm, and 100 nm away from the particle center (30 nm radius). Temperatures have
been normalized by the initial adiabatic temperature rise in the particle.
are very close among each other, the temperature fields could be increased marginally.
Figure 5.7 (a) shows two 30 nm nanoparticles 62 nm apart (center to center) 50 ps after
a single pulse particle irradiation. The temperature fields overlap causing a relatively
slow temperature decrease in the region between these two particles. Approximately
3.6% of the initial particle temperature is retained in this region before the next pulse
arrives (Fig. 5.7 (b)). Even when the temperature fields overlap, the corresponding
steady-state temperature rise is estimated to be a small fraction of the palladium
precursor decomposition temperature. As a result, it is unlikely that decomposition
of palladium precursor is induced by photothermal heating of spherical nanoparticles.
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Figure 5.7: (a) A normalized temperature map showing temperature distribution
near two heated nanoparticles (R = 30 nm), 62 nm apart (center to center), 50 ps
after particle irradiation; (b) temperature as a function of time for regions in between
two particles. Inset image shows regions of interest.
5.3.2.2 Photothermal heating of ellipsoidal particle
In addition to spherical WO3 particles, large ellipsoidal WO3 particles were ob-
served throughout the silicone matrix. Figure 5.8 shows a representative ellipsoid-like
WO3 particle, where the length of the major axis is four times longer than the mi-
nor axis. To estimate the adiabatic temperature rise for the ellipsoidal WO3 particle
resulting from a single laser pulse, Eq. (5.1) can be used, but the Heaviside step
function has to change from the spherical coordinate to the cylindrical coordinate
(H(Rp − R) → H(M2 + N2 − R2) where M and N are the semi-major and semi-
minor axes of the ellipsoid, respectively). The initial temperature profile is considered
uniform inside the ellipsoidal particle since the electron-phonon thermalization occurs
faster than the external heat diffusion. To calculate the initial particle temperature
using Eq. (5.1), the absorption cross section of the particle is required. However, the
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Figure 5.8: A representative ellipsoidal tungsten oxide particle.
previous formalism (Eq. (5.2)) for absorption cross section becomes inadequate since
it only applies to spherically-shaped particles. Fortunately, the Mie theory was mod-
ified by Gans to describe the dependence of absorption cross section on the aspect
ratio of an ellipsoid. The Mie-Gans theory has been successfully applied to various
ellipsoidal particle systems [126, 159–162]. Within this model, the absorption cross














where the depolarization factors, Pj, for the major axis and two minor axes of the



























is the eccentricity. The absorption cross section of an ellip-
soidal particle with M = 285 nm and N = 67 nm (Fig. 5.8) is calculated to be 1.6
× 10−13 m2 based on Eq. (5.3). As a result, according to Eq. (5.1), this particle is
expected to have an initial adiabatic temperature rise of approximately 1.6 × 10−4
K.
Having determined the initial particle temperature and boundary conditions (con-
tinuity of temperature and conductive heat flux), numerical simulation is performed
to analyze the heat transfer of an ellipsoidal tungsten oxide particle (resembling the
one in Fig. 5.8) embedded in a silicone matrix. Results in Fig. 5.9 show 2-D spatial
Figure 5.9: Temperature maps showing temperature distribution near a heated
ellipsoidal particle (L = 285 nm and W = 67 nm ) for (a) 0.1 ns, (b) 1 ns, (c) 10 ns,
and (d) 1000 ns after particle irradiation. Temperatures have been normalized by the
initial adiabatic temperature rise in the particle, approximately 1.6 10−4 K for the
conditions assumed here.
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Figure 5.10: Temperature as a function of time for various regions (1-5) inside and
outside of the ellipsoidal particle. Inset image shows regions of interest. Temperatures
have been normalized by the initial adiabatic temperature rise in the particle.
temperature profiles at selected times after particle irradiation. Figure 5.10 displays
the temporal temperature profiles for regions inside and near the particle. The ther-
mal equilibrium between the ellipsoidal particle and the matrix is reached after almost
1 µs. As a result, accumulative heating could be significant since the laser repetition
rate is high (80 MHz). Before the arrival of the subsequent laser pulse, different loca-
tions relative to the particle exhibit different temperatures: the particle (position 1
in Fig. 5.10) retains nearly 50% of the initial particle temperature; near the surface
of the particle (position 2 and 3 in Fig. 5.10) the temperature varies between 20%
and 40% of the initial particle temperature; at ∼100-200 nm away from the particle
surface (such as position 4 and 5 in Fig. 5.10), these regions possess 5 to 10% of the
initial particle temperature. Although the residual single pulse temperate rise is high,
a steady-state maximum temperature rise for the ellipsoidal particle is reached after
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a few tens of picoseconds and the temperature fields for various ellipsoidal particles
do not overlap. Similar to the the spherical particle case, the temperature rise is
estimated to be a fraction of the palladium precursor decomposition temperature. As
a result, decomposition of palladium precursor is not caused by photothermal heating
of ellipsoidal tungsten oxide nanoparticles.
5.3.2.3 Photocatalytic processes
Based on the model results for temperature rises for both spherical and ellipsoidal
tungsten oxide particles, thermally induced decomposition of the palladium precursor
is highly unlikely and other mechanisms must be considered. Since tungsten oxide
is a well-known photocatalyst [153, 155, 163, 164], some type of catalytically driven
decomposition of precursor could be accomplished through particle irradiation. The
band gap of the tungsten oxide nanocomposites was determined to be ∼3.2 eV (Fig.
5.1 (b)), and this value is within the literature value range of stoichiometric WO3,
between 3.0 eV and 3.3 eV [165,166]. However, since stoichiometric WO3 is optically
transparent, the blue color of WO3-silicone indicates that the presence of oxygen
vacancies (non-stoichiometric WO3) [167]. These oxygen vacancies result in defect
states in the band gap of WO3 and act as optical centers involved in sub-gap elec-
tronic transitions. To photo-excite the WO3 particles, single photon energy is not
sufficient—the wavelength of the laser corresponds to the excitation photon energy of
1.55 eV. This value is well below the band gap of tungsten oxide. However, multipho-
ton excitation could be involved. The nonlinear optical response of tungsten oxide
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has been studied and is known to be strong for the wavelength used here [168–170].
In addition, pulsed illumination can increase multiphoton absorption efficiency owing
to its square dependence on intensity [171]. Unfortunately, the photocatalytic pro-
cesses in tungsten oxide nanoparticles have not been studied in sufficient detail, the
mechanisms responsible for precursor decomposition can only be inferred for this ma-
terial system. However, regardless of the photo-induced decomposition mechanisms,
the catalytic decomposition processes occur fairly fast—the palladium nanoparticles
formed within a few seconds of laser irradiation. Further laser exposure could dete-
riorate the silicone matrix, and this is most likely caused by photothermal heating of
the palladium nanoparticles as well as photocatalytic scission of the silicone polymer
chains.
5.4 Conclusion
In this chapter, we modified the particle composition in silicone matrix nanocom-
posites containing tungsten oxide particles as well as a palladium precursor using
femtosecond pulsed laser excitation. Optical excitation of the nanocomposites re-
sulted in local decomposition of precursor and subsequent deposition of palladium
in the vicinity of the tungsten oxide particles. On the basis of interpretation of
the transmission electron micrographs as well as elemental analysis, the surfaces of
the tungsten oxide particles were decorated with palladium nanoparticles. Temper-
ature rises in the near-particle regions was calculated, and the results indicate that
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photothermal processes are not responsible for precursor decomposition. Multipho-
ton, photocatalytic processes are most likely the main cause for the decomposition.
The overall processing approach here demonstrates the potential for localized, in situ
modification of nanostructures in polymer matrices.
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Functional Polymer Matrix Nanocomposites
6.1 Introduction
The aim of this chapter is to demonstrate the technical feasibility of creating
functional polymer matrix nanocomposites using the thermal and optical processing
methods described in the previous chapters. In particular, optically-based sensing
materials for gas sensing applications were synthesized using the chemical infusion
method. Tungsten oxide and molybdenum oxide-based polymer matrix nanocompos-
ites were chosen as the sensing materials since these oxides can be readily reduced,
changing their optical absorption behaviors [172–174]. The alcohol vapor sensing
ability was demonstrated in PMNCs containing tungsten oxide nanoparticles, molyb-
denum oxide nanoparticles, and a mixture of the oxide nanoparticles. For hydrogen
gas sensing, a mixture of palladium and tungsten oxide nanoparticles were synthe-
sized since palladium has the ability to dissociate hydrogen molecules. These hybrid
nanoparticles are embedded in two different polymer matrices to study the effect
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of polymer matrix on detection of hydrogen gas. In the case of optical processing,
formation of palladium nanoparticles was performed at selective regions of the tung-
sten oxide-based nanocomposites using a femtosecond pulsed laser source, forming
patterned structures of functional materials.
6.2 Materials, processing, and characterization
Tungsten hexacarbonyl (W(CO)6; 97%; Sigma-Aldrich), molybdenum hexacar-
bonyl (Mo(CO)6; 97%; Sigma-Aldrich), and palladium(II) acetylacetonate (Pd(acac)2;
99% Pd; Sigma-Aldrich) were used as precursors for preparing tungsten oxide, molyb-
denum oxide, and palladium nanoparticles, respectively. These precursors were used
in their as-received state without further preparation. A semicrystalline tetrafluoroethylene-
co-hexafluoropropylene (FEP; CS Hyde) and a high-temperature silicone rubber (McMaster-
Carr Supply) were chosen as the polymer matrices.
Five different polymer matrix nanocomposites were synthesized using the chemi-
cal infusion technique, and these materials were designated as MoO3-FEP, WO3-FEP,
MoO3-WO3-FEP, Pd-WO3-silicone, and Pd-WO3-FEP. The synthesis conditions for
each precursor used are shown in Table 6.1. In general, ∼100 mg of tungsten hexacar-
bonyl and molybdenum hexacarbonyl were used for each infusion. A small amount
(∼2-5 mg) of palladium(II) acetylacetonate was used since palladium nanoparticles
exhibit strong optical absorption, and producing excessive palladium would result
in complete darkening of the nanocomposites. For materials containing two parti-
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cle components, such as MoO3-WO3-FEP, two subsequent infusion processes were
performed.
Table 6.1: Synthesis conditions for precursor chemicals used in the chemical infusion
processes
Precursor Tvap (
◦C) tvap (hour) Tdecomp (
◦C) tdecomp (hour)
Mo(CO)6 120 2 160 2
W(CO)6 130 2 180 3
Pd(acac)2 140 2 200 2
For femtosecond pulsed processing, similar to synthesis described in the previ-
ous chapter, tungsten oxide-silicone matrix nanocomposites containing Pd(acac)2 was
used as the starting materials. Figure 6.1 shows the experimental setup for patterning
of polymer matrix nanocomposites. A mode-locked Ti:sapphire laser (Spectra-Physics
Tsunami) beam was used as the optical excitation source. The laser light was colli-
mated with a fiber optic collimation lens (not shown in Fig. 6.1), and the resulting
beam was then coupled into a multi-mode optical fiber. The optical fiber was placed
on a fiber adapter, and the adapter was fixed on a two-axis motorized stage. The
position and the movement of the fiber-coupled laser can be remotely controlled by
programming the motorized stage. A vacuum-sealed vessel (containing the starting
materials) was placed behind the motorized stage, and patterning of polymer matrix
nanocomposites was achieved by directing the laser beam across the nanocomposites.
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Figure 6.1: Experimental setup for patterning of polymer matrix nanocomposites.
Three different nanocomposites, MoO3-FEP, WO3-FEP, and MoO3-WO3-FEP,
were used as alcohol vapor sensing materials (Methanol, ethanol, and isopropanol
solutions were used). In a typical experiment, the nanocomposite was placed in a
glass beaker (with lid) along with a few drops of alcohol. The container was then
put in a 100 ◦C oven to vaporize the alcohol—all the alcohols used have boiling
points less than 100 ◦C. After less than 5 minutes, the nanocomposites were taken
out of the container to examine their optical absorption characteristics using UV-
Vis spectroscopy (PerkinElmer Lamda 950UV/Vis). For the detection of hydrogen
gas, Pd-WO3-silicone and Pd-WO3-FEP nanocomposites were used. These materials
were placed in a glass reaction vessel that was backfilled with forming gas (5 vol%
of H2 and 95% of Ar). The color changes of the nanocomposites were recorded.
Nanocomposites were characterized using transmission electron microscopy (TEM)
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and scanning transmission electron microscopy (STEM).
6.3 Results and discussion
6.3.1 Optical sensing materials for alcohol vapors
As-synthesized MoO3-FEP, WO3-FEP, and MoO3-WO3-FEP are optically trans-
parent. Figure 6.2 (a) shows their optical transmission spectra for wavelengths be-
tween 350 to 800 nm. The as-received FEP is also included for comparison purposes.
All the metal oxide nanocomposites exhibit strong absorption in the UV region (be-
low 400 nm) indicating the presence of metal oxide particles. Figure 6.2 (b) shows
a representative TEM image of WO3-FEP. These nanoparticles are roughly spherical
with radii ranging from 2 to 8 nm.
Figure 6.2: (a) Optical transmission spectra for FEP, MoO3-FEP, WO3-FEP, and
MoO3-WO3-FEP; (b) a representative TEM image showing tungsten oxide nanopar-
ticles.
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Figure 6.3: Optical images of MoO3-FEP, WO3-FEP, and MoO3-WO3-FEP (a)
after placing in a methanol vapor environment and (b) after heating in a 160 ◦C,
air circulating oven. (c) Optical transmission spectra for MoO3-FEP (blue curves),
WO3-FEP (black curves), and MoO3-WO3-FEP (red curves); solid lines represent
colored states, and dashed lines represent bleached states.
Figure 6.4: Optical images of MoO3-FEP, WO3-FEP, and MoO3-WO3-FEP (a)
after placing in an ethanol vapor environment and (b) after heating in a 160 ◦C,
air circulating oven. (c) Optical transmission spectra for MoO3-FEP (blue curves),
WO3-FEP (black curves), and MoO3-WO3-FEP (red curves); solid lines represent
colored states, and dashed lines represent bleached states.
Figure 6.3, 6.4, and 6.5 display the gasochromic behaviors of the metal oxide
nanocomposites in methanol, ethanol, and isopropanol vapors, respectively. Regard-
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Figure 6.5: Optical images of MoO3-FEP, WO3-FEP, and MoO3-WO3-FEP (a)
after placing in an isopropanol vapor environment and (b) after heating in a 160 ◦C,
air circulating oven. (c) Optical transmission spectra for MoO3-FEP (blue curves),
WO3-FEP (black curves), and MoO3-WO3-FEP (red curves); solid lines represent
colored states, and dashed lines represent bleached states.
less of the alcohol used, changes in coloration are similar (Fig. 6.3 (a), 6.4 (a), and 6.5
(a)): MoO3-WO3-FEP turned deep blue; MoO3-FEP turned moderate blue; WO3-
FEP turned slight blue. At room temperature, these nanocomposites remain in their
colored states. Switching to their bleached states requires putting the nanocomposites
in a high-temperature environment. Figure 6.3 (b), 6.4 (b), and 6.5 (b) show optical
images of materials in their bleached states after heating in a 160 ◦C oven for ∼5 min-
utes. Although the materials could not transform back to their initial transparent
states (complete bleaching), significant transmission changes between the bleached
and colored states can be observed. The optical absorption variations are illustrated
in the UV-Vis spectra (Fig. 6.3 (c), 6.4 (c), and 6.5 (c)), and the largest changes
between the bleached and colored states are found in MoO3-WO3-FEP. The col-
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oration/bleaching transition was repeated over ten cycles, and no loss of gasochromic
effect was observed.
The complete mechanism of the gasochromic processes is not fully understood.
However, there are two models widely accepted and referenced in the literature. One
suggests that the coloration/bleaching is related to the injection/extraction of hydro-
gen ions and electrons [175–177], while the other suggests the creation/annihilation
of oxygen vacancies [178]. When the tungsten oxide particles are exposed to the al-
cohol vapors (reducing gases), the alcohol molecules adsorb on the surface tungsten
atoms of the tungsten oxide particles via the oxygen atoms of the hydroxyl groups.
The alcohol molecules act as electron donors, which interact with electron holes in
the valence bands of tungsten oxide. The oxidation of alcohol with the electron
holes produces hydrogen ions (H+) and aldehydes or ketone. The resulting hydrogen
ions can interact with the electrons in the conduction bands to generate hydrogen
atoms [179, 180]. Depending on the model, the hydrogen atoms can either diffuse
into the interior of the tungsten oxide lattice and form HxWO3 or react with the
surface-oxygen and create oxygen vacancies that diffuse into the material. Figure 6.6
illustrates the two possible alcohol sensing mechanisms of tungsten oxide. The for-
mation of tungsten bronze (HxWO3) and vacancy-defected tungsten oxide can both
result in the coloration of materials. To bleach the nanocomposites, the reactions
have to be reversed and sufficient oxygen is needed. The self-bleaching processes are
unlikely at room temperature since the oxygen solubility in the FEP matrix is fairly
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low (2.4 × 103 cm3 (STP)/(cm3 cmHg) [181]). Bleaching can be achieved at elevated
temperature (> the glass transition temperature of FEP) so that oxygen molecules
can readily reach the tungsten oxide particles. However, complete recovery of the
original transparent state could not be accomplished, and this is possibly due to that
the hydrogen ions or oxygen vacancies trapped in the tungsten oxide particles [182].
Figure 6.6: Two possible coloration mechanisms for tungsten oxide particles expos-
ing to alcohol vapors: (a) injection of hydrogen atoms and (b) creation of oxygen
vacancies. R is a functional group that attaches to the carbon atom. Depending on
the alcohol molecule, the R group can be an alkyl group or a hydrogen.
6.3.2 Optical sensing materials for hydrogen gas
As-synthesized Pd-WO3-silicone and Pd-WO3-FEP are brown and slightly brown,
respectively. After exposing the materials to the forming gas at room temperature,
Pd-WO3-silicone and Pd-WO3-FEP turned dark green and blue, respectively. While
it takes ∼3 seconds for the Pd-WO3-silicone change to its colored state in ambi-
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ent conditions, Pd-WO3-FEP takes roughly 15 seconds. The gasochromic effect on
both materials is reversible, and it takes about the same amount of time to trans-
form back to their bleached states as to their colored states. Figure 6.7 and 6.8,
respectively, show optical images of Pd-WO3-silicone and Pd-WO3-FEP in their (a)
bleached states and (b) colored states. Unlike the optical sensing materials for alco-
hol vapors, Pd-WO3-silicone and Pd-WO3-FEP are able to fully recover their initial
optical transparency upon bleaching. The gasochromic effect did not weaken after
repeated coloration/bleaching cycles.
Figure 6.7: Optical images of Pd-WO3-silicone (a) after exposing to forming gas (5
vol% of H2 and 95% of Ar) and (b) to air at room temperature.
Figure 6.9 shows a patterned, hydrogen gas sensing material, where a letter “H”
was directly written on it using a controlled fiber-coupled laser. The optical transmis-
sion of the patterned material changes significantly from air (a) to forming gas (b)—
the letter “H” changes from light brown to dark. The gasochromic responses of this
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Figure 6.8: Optical images of Pd-WO3-FEP (a) after exposing to forming gas (5
vol% of H2 and 95% of Ar) and (b) to air at room temperature.
Figure 6.9: (a) A laser-patterned, optical hydrogen sensing material (Pd-WO3-
silicone) in air and (b) in forming gas (5 vol% of H2 and 95% of Ar).
patterned material are fully reversible and repeatable at room temperature, and both
the coloring as well as bleaching reactions occur within five seconds. Figure 6.10 shows
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representative STEM images of (a) a thermally processed Pd-WO3-silicone (Fig. 6.7)
as well as (b) a laser-processed Pd-WO3-silicone (Fig. 6.9). Both nanocomposites
contain a large amount of string-like or ellipsoidal particles dispersed throughout the
bulk of the materials, and they exhibit similar particle size and spatial distribution.
However, different distributions of palladium nanoparticles were found by locating
the bright regions on the STEM images—these regions are believed to consist of pal-
ladium. For the optically-processed materials, the palladium nanoparticles were in
the immediate vicinity of the tungsten oxide particles. For the thermally-processed
materials, while the majority of the palladium nanoparticles were located near the
tungsten oxide particles, some were also found in regions consisting of no tungsten
oxide.
Figure 6.10: Representative STEM images of (a) thermally processed Pd-WO3-
silicon and (b) optically processed Pd-WO3-silicone.
The gasochromic response for hydrogen gas is different than that for alcohol vapors
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Figure 6.11: Gasochromic mechanism for palladium-decorated tungsten oxide par-
ticles exposing to hydrogen gas.
since the material for hydrogen sensing is a hybrid of tungsten oxide and palladium.
It is well known that palladium can dissociate hydrogen molecules since the Pd-H
bonds are more stable than the H-H bonds [183, 184]. Even at room temperature,
the H2 molecules can readily dissociate on the palladium surface. If the palladium
particles are attached to the tungsten oxide particles, the dissociated hydrogen can
diffuse onto the surface or subsurface of the tungsten oxide particles forming HxWO3
[185]. Figure 6.11 illustrates the gasochromic mechanism for hydrogen gas. Since
the reactions occur at room temperature, the probability of hydrogen atoms having
sufficient energy to diffuse into the interior of the tungsten oxide lattice (or oxygen
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vacancies in tungsten oxide) is low. As a result, the hydrogen can readily desorb from
the tungsten oxide surface after placing the nanocomposites in the atmosphere, and
the nanocomposites can subsequently recover to their initial optical transparency.
The coloration/bleaching response time is different for Pd-WO3-FEP and Pd-WO3-
silicone, and this difference is mainly caused by the difference in gas permeability
between the silicone and FEP matrices. Pd-WO3-silicone responds faster than that
for Pd-WO3-FEP because the gas permeability for silicone is much greater than that
of FEP—the hydrogen permeability of silicone and FEP is, respectively, 65 × 10−9
and 1.3 × 10−9 cm3 (STP) cm/(cm2 cmHg s) [186].
6.4 Conclusion
Gasochromic polymer matrix nanocomposites were synthesized using the chemical
infusion method and the femtosecond pulsed laser processing method. Optical sensing
of alcohol vapors as well as hydrogen gas were demonstrated, and the associated col-
oration/decoloration processes were discussed. Results indicate that multifunctional
polymer matrix nanocomposites can be made by incorporating specific particles into
the polymer matrices, allowing optimization of particle chemistries for particular ap-
plications. Macroscopic patterning of functional polymer matrix nanocomposites was
also demonstrated, and the results suggest that it is possible to achieve micro or even





This thesis focused on the experimental design and data interpretation of the
thermal and optical processing effects on nanoparticle formation in polymer matri-
ces. These studies were pursued in an attempt to gain a better understanding of the
material physics that are involved in various processing conditions. This understand-
ing can provide valuable information for scalable implementation as well as designing
and creating polymer matrix nanocomposites with desired properties.
The objective of the first half of the thesis was to thoroughly characterize and
interpret the physical and chemical processes involved in the thermal synthesis of
polymer matrix nanocomposites. This highly scalable thermal processing method
termed chemical infusion consists of vaporizing particle-precursor, infusing the pre-
cursor into a polymer matrix, decomposing the precursor, and subsequently forming
nanoparticles within the polymer. Palladium-PFA nanocomposites were chosen to
study the phenomena of precursor diffusion as well as particle formation. It was
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found that the structure of the polymer matrix plays an important role on precursor
diffusion and consequently particle formation. Significant differences in precursor dif-
fusion behaviors as well as particle size and spatial distribution were observed between
nanocomposites synthesized using as-received PFA and heat-treated PFA. These dif-
ferences were interpreted using a polymer free volume model to develop insight into
the precursor diffusion processes. In addition to studying precursor diffusion, the
nucleation and growth of palladium nanoparticles in PFA were investigated by creat-
ing a series of TEM samples that effectively capture particle sizes and distributions
as a function of processing times. The nucleation of nanoparticles was correlated
with defects in the polymer matrix, and the growth of nanoparticles was described
using a modified diffusion-limited growth model. It was also found that processing
temperature is an important factor for nanoparticle formation. When an appropriate
processing temperature is used, nearly monodisperse particles are formed through-
out the polymer matrix. Higher processing temperatures result in larger particles,
however, if the synthesis temperature is sufficiently high, near-surface percolation of
nanoparticles occurs because of high precursor decomposition and diffusion rates.
The objective of the second half of the thesis was to study the linear and non-
linear optical processing methods for in situ modification of nanoparticles. Optical
excitation was performed on polymer matrix nanocomposites containing nanoparti-
cles as well as precursor. The photo-induced, particle-mediated interactions result
in decomposition of the precursor in the irradiated region and subsequently modifi-
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cation of the particles. In particular, continuous wave laser was used to modify the
particle size and number density in polymer matrix nanocomposites containing pal-
ladium nanoparticles and palladium precursor. The steady-state temperature rises
in the irradiated regions were calculated, and results suggested that the temperature
rises can facilitate the precursor diffusion as well as precursor decomposition. In ad-
dition to continuous wave laser processing, femtosecond pulsed laser excitation was
also used to modify the particle composition locally in silicone matrix nanocomposites
containing tungsten oxide particles as well as palladium precursor. TEM and EDS
studies suggested that the tungsten oxide particles were decorated with the palladium
nanoparticles in the silicone matrix. Expected temperature rises in the near-particle
regions were found to be far too low to cause changes in materials. Decomposition
of palladium precursor most likely occurred as a result of photocatalytic interactions
with the tungsten oxide particles.
Optically-based gas sensing materials were produced using both thermal and op-
tical processing methods. Tungsten oxide and molybdenum oxide nanoparticles were
synthesized in the FEP as well as silicone matrices, and the resulting materials exhib-
ited excellent gasochromic performance for alcohol vapors. Polymer matrix nanocom-
posites consisting of both palladium and tungsten oxide nanoparticles presented fast
and reversible gasochromic responses for hydrogen gas. In addition, it was found that
optical patterning of nanocomposites can be achieved by controlling and moving the
laser excitation source. Instead of gasochromic materials, other functional polymer
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matrix nanocomposites can also be synthesized by choosing the particle material and
polymer matrix appropriately. For example, photocatalytic nanocomposites for water
purification applications can be synthesized by growing photocatalytic particles (such
as titanium oxide) in hydrophilic polymer matrices (such as Nafion).
In summary, a scalable and versatile chemical infusion method was shown to be
capable of producing various multifunctional polymer matrix nanocomposites since a
wide variety of chemical precursors are readily available. The processing temperature
and the morphology of the polymer matrix are critical factors for growing nanopar-
ticles in a solid polymer matrix. Both linear and nonlinear optical excitation can be
used to modify particle size, number density, and composition. Macroscopic optical
patterning of polymer matrix nanocomposites has been successfully demonstrated,
and these promising results indicate that laser direct-writing of periodic structures
on a micro scale and on a nano scale inside a polymer composite could be achieved if
the spatial and temporal profiles of the laser irradiation are precisely controlled.
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[88] M. José-Yacamán, C. Gutierrez-Wing, M. Miki, . D.-Q. Yang, . K. N. Piyakis,
E. Sacher, Surface Diffusion and Coalescence of Mobile Metal Nanoparticles, J.
Phys. Chem. B 109 (2005) 9703.
[89] M. A. Watzky, R. G. Finke, Nanocluster Size-Control and ”Magic Number”
Investigations. Experimental Tests of the ” Living-Metal Polymer ” Concept
and of Mechanism-Based Size-Control Predictions Leading to the Syntheses of
Iridium(0) Nanoclusters Centering abou, Chem. Mater. 9 (1997) 3083.
[90] C. Besson, E. E. Finney, R. G. Finke, A Mechanism for Transition-Metal
Nanoparticle Self-Assembly, Journal of American Chemical Society 127 (2005)
8179.
[91] M. A. Watzky, E. E. Finney, R. G. Finke, Transition-Metal Nanocluster
Size vs Formation Time and the Catalytically Effective Nucleus Number:
132
REFERENCES
A Mechanism-Based Treatment, Journal of the American Chemical Society
130 (36) (2008) 11959–11969.
[92] S. Yao, Y. Yuan, C. Xiao, W. Li, Y. Kou, P. J. Dyson, N. Yan, H. Asakura,
K. Teramura, T. Tanaka, Insights into the Formation Mechanism of Rhodium
Nanocubes, The Journal of Physical Chemistry C 116 (28) (2012) 15076–15086.
[93] D. Walton, Nucleation of Vapor Deposits, The Journal of Chemical Physics
37 (10) (1962) 2182–2188.
[94] A. Milchev, Nucleation phenomena in electrochemical systems: kinetic models,
ChemTexts 2 (2016) 4.
[95] J. Robins, T. Rhodin, Nucleation of metal crystals on ionic surfaces, Surface
Science 2 (1964) 346–355.
[96] J. Hamilton, P. Logel, Nucleation and growth of Ag and Pd on amorphous
carbon by vapor deposition, Thin Solid Films 16 (1) (1973) 49–63.
[97] V. Robinson, J. Robins, Nucleation kinetics of gold deposited onto UHV cleaved
surfaces of NaCl and KBr, Thin Solid Films 20 (1) (1974) 155–175.
[98] J. A. Venables, G. D. T. Spiller, M. Hanbucken, Nucleation and growth of thin
films, Rep. Prog. Phys. 47 (1984) 399–459.
[99] M. Zinke-Allmang, L. C. Feldman, M. H. Grabow, Clustering on surfaces, Sur-
face Science Reports 16 (8) (1992) 377–463.
133
REFERENCES
[100] F. Spaepen, A microscopic mechanism for steady state inhomogeneous flow in
metallic glasses, Acta Metallurgica 25 (4) (1977) 407–415.
[101] H. A. Sturges, THE CHOICE OF A CLASS INTERVAL CASE I. COMPU-
TATIONS INVOLVING A SINGLE SERIES, Journal of American Statistical
Association 21 (1926) 65.
[102] A. Baldan, Review Progress in Ostwald ripening theories and their applications
to nickel-base superalloys Part I: Ostwald ripening theories, Journal of Materials
Science 37 (11) (2002) 2171–2202.
[103] F. W. Zeng, D. Zhang, J. B. Spicer, Effect of Polymer Structure on Precursor
Diffusion and Particle Formation in Polymer Matrix Nanocomposites, Journal
of Inorganic and Organometallic Polymers and Materials 28 (5) (2018) 1850.
[104] C. R. Henry, Growth, Structure and Morphology of Supported Metal Clusters
Studied by Surface Science Techniques, Crystal Research and Technology 33 (7-
8) (1998) 1119–1140.
[105] K. Routledge, M. Stowell, Nucleation kinetics in thin film growth. I. Computer
simulation of nucleation and growth behaviour, Thin Solid Films 6 (6) (1970)
407–421.
[106] M. J. Stowell, Capture numbers in thin film nucleation theories, Philosophical
Magazine 26 (2) (1972) 349–360.
134
REFERENCES
[107] C. R. Henry, M. Meunier, Power laws in the growth kinetics of metal clusters
on oxide surfaces, Vacuum 50 (1-2) (1998) 157–163.
[108] J. B. Spicer, Y. Dikmelik, Elastic wavefield interactions with solute species
during precipitation processes in solids, Acta Materialia 57 (5) (2009) 1459–
1465.
[109] D. Turnbull, Phase Changes, in: Solid State Physics: Advances in Research
and Applications, Academic Press, New York, 1956, Ch. 3, p. 226.
[110] F. Wang, V. N. Richards, S. P. Shields, W. E. Buhro, Kinetics and Mechanisms
of Aggregative Nanocrystal Growth, Chemistry of Materials 26 (2014) 5.
[111] E. E. Finney, R. G. Finke, Is There a Minimal Chemical Mechanism Underlying
Classical Avrami-Erofe’ev Treatments of Phase-Transformation Kinetic Data?,
Chem. Mater 21 (2009) 4692–4705.
[112] S. P. Shields, V. N. Richards, W. E. Buhro, Nucleation Control of Size and
Dispersity in Aggregative Nanoparticle Growth. A Study of the Coarsening
Kinetics of Thiolate-Capped Gold Nanocrystals, Chem. Mater 22 (2010) 3212–
3225.
[113] H. Sawada, Fluoropolymer Nanocomposites, in: Handbook of Fluoropolymer




[114] R. I. Jaffee (Ed.), Refractory Metals and Alloys IV: Research and Development
- Google Books, Science, 1967.
[115] M. Attarian Shandiz, A. Safaei, S. Sanjabi, Z. Barber, Modeling size depen-
dence of melting temperature of metallic nanoparticles, Journal of Physics and
Chemistry of Solids 68 (7) (2007) 1396–1399.
[116] P. Puri, V. Yang, Effect of Particle Size on Melting of Aluminum at Nano Scales,
J. Phys. Chem. C 111 (2007) 11776.
[117] B. Chen, G. H. Ten Brink, G. Palasantzas, B. J. Kooi, Size-dependent and tun-
able crystallization of GeSbTe phase- change nanoparticles, Scientific Reports
6 (2016) 39546.
[118] W. Lu, B. Wang, K. Wang, X. Wang, J. G. Hou, Synthesis and Characterization
of Crystalline and Amorphous Palladium Nanoparticles, Langmuir 19 (2003)
5887.
[119] F. Grillo, H. V. Bui, J. A. Moulijn, M. T. Kreutzer, J. Ruud Van Ommen, Un-
derstanding and Controlling the Aggregative Growth of Platinum Nanoparticles
in Atomic Layer Deposition: An Avenue to Size Selection, Journal of Physical
Chemistry Letters 8 (2017) 975.
[120] Y. Min, M. Akbulut, K. Kristiansen, Y. Golan, J. Israelachvili, The role of
136
REFERENCES
interparticle and external forces in nanoparticle assembly, Nature Materials
7 (7) (2008) 527–538.
[121] J. Spicer, K. See, Y. Katsumi, D. Zhang, J. Brupbacher, T. Vargo, Linear and
Nonlinear Optical Properties of Palladium Nanoparticle Reinforced Fluoropoly-
mer Composites, in: NSTI-Nanotech 2006, Vol. 1, 2006, pp. 789–792.
[122] Y. Jean, J. Zhang, H. Chen, Y. Li, G. Liu, Positron annihilation spectroscopy
for surface and interface studies in nanoscale polymeric films, Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy 61 (7) (2005) 1683–
1691.
[123] V. N. Bagratashvili, A. O. Rybaltovsky, N. V. Minaev, P. S. Timashev, V. V.
Firsov, V. I. Yusupov, Laser-induced atomic assembling of periodic layered
nanostructures of silver nanoparticles in fluoro-polymer film matrix, Laser
Physics Letters 7 (5) (2010) 401–404.
[124] K. Setoura, Y. Okada, S. Hashimoto, CW-laser-induced morphological changes
of a single gold nanoparticle on glass: observation of surface evaporation, Phys.
Chem. Chem. Phys. 16 (16) (2693) 26938–26945.
[125] F. Hubenthal, M. Alschinger, M. Bauer, D. Blazquez Sanchez, N. Borg,
M. Brezeanu, R. Frese, C. Hendrich, B. Krohn, M. Aeschliman, F. Trager,
Irradiation of supported gold and silver nanoparticles with continuous-wave,
nanosecond, and femtosecond laser light: a comparative study, in: P. Lugli,
137
REFERENCES
L. B. Kish, J. Mateos (Eds.), Proc. SPIE 5838, Nanotechnology II, 2005, p.
224.
[126] G. Baffou, H. Rigneault, Femtosecond-pulsed optical heating of gold nanopar-
ticles, PHYSICAL REVIEW B 84.
[127] P. Keblinski, D. G. Cahill, A. Bodapati, C. R. Sullivan, T. A. Taton, Moni-
toring iron oxide nanoparticle surface temperature in an alternating magnetic
field using thermoresponsive fluorescent polymers, Citation: Journal of Applied
Physics 100 (2006) 7–334.
[128] T. Teranishi, M. Eguchi, M. Kanehara, S. Gwo, Controlled localized surface
plasmon resonance wavelength for conductive nanoparticles over the ultraviolet
to near-infrared region, J. Mater. Chem. 21 (2011) 10238.
[129] L. Urech, T. Lippert, Photoablation of Polymer Materials, in: Photochemistry
and Photophysics of Polymer Materials, John Wiley & Sons, Inc., Hoboken,
NJ, USA, 2010, pp. 541–568.
[130] K. Lee, S. Jockusch, N. J. Turro, R. H. French, R. C. Wheland, M. F. Lemon,
A. M. Braun, T. Widerschpan, P. Zimmerman, 157-nm pellicles for photolithog-
raphy: mechanistic investigation of the deep-UV photolysis of fluorocarbons, in:
B. W. Smith (Ed.), Proceedings of SPIE, Vol. 5377, 2004, p. 1598.
[131] V. N. Vasilets, I. Hirata, H. Iwata, Y. Ikada, Photolysis of a fluorinated poly-
138
REFERENCES
mer film by vacuum ultraviolet radiation, Journal of Polymer Science Part A:
Polymer Chemistry 36 (13) (1998) 2215–2222.
[132] J. Scheirs, J.-L. Gardette, Photo-oxidation and photolysis of poly(ethylene
naphthalate), Polymer Degradation and Stability 56 (3) (1997) 339–350.
[133] C. F. Bohren, D. R. Huffman, Absorption and scattering of light by small
particles, Wiley, 1998.
[134] V. Myroshnychenko, J. Rodruez-Fernadez, I. Pastoriza-Santos, A. M. Funston,
C. Novo, P. Mulvaney, L. M. Liz-Marza, F. Javier Garcá De Abajo, Modelling
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